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A B S T R A C T

Mild traumatic brain injury (mTBI) is a heterogeneous injury characterised by complex
pathophysiological cascades. Brain iron dyshomeostasis is increasingly recognised as a
driver of secondary injury including cytotoxicity and inflammation following mTBI, and al-
terations to myelin integrity, calcification, and proteinopathy have been implicated in post-
injury pathology. However, standard radiographic methods are often insensitive to these
microscopic alterations to brain tissue. This limitation necessitates the use of advanced
magnetic resonance imaging (MRI) techniques to detect the subtle structural changes asso-
ciated with this condition.

This thesis applied quantitative susceptibility mapping (QSM), an advanced MRI post-
processing method, to elucidate differences in the distribution and concentration of mag-
netisable tissue constituents between male sports athletes (aged 16–33) with acute (<14
days) mTBI and age-matched male controls. QSM data were first thresholded to gener-
ate separate maps of positive (iron-related) and negative (protein-, calcium-, and myelin-
related) voxel-wise susceptibility to enable targeted analyses of cerebral grey matter. Ex-
tensive segmentations of the basal ganglia and hippocampal formation were used to in-
vestigate deep grey matter, while column-based analyses sensitive to cortical depth and
curvature were leveraged to approximate the location of tissue dyshomeostasis within the
cortical laminae and account for the effect of gyrification. Variables such as injury severity,
time since injury, and age were also used in statistical models to elucidate the influence of
these factors on tissue pathology.

Bilateral, between-group analyses were first conducted across all regions of interest
(ROIs) to identify signatures of tissue dyshomeostasis that may represent common features
of mTBI. However, traditional group-wise statistical approaches may obscure subtle, yet
clinically relevant, inter-individual variability. To address this limitation, subsequent stud-
ies constructed healthy population templates for each ROI using standardised z-scores,
against which the z-scores of mTBI participants were analysed.

Group-wise analyses revealed significantly decreased negative susceptibility in the
cornu ammonis 4 region of the hippocampus among mTBI participants, suggesting the
presence of injury-related effects on myelin content or cell loss. Cortical analyses indicated
a trauma-induced increase in positive susceptibility, a marker of iron deposition, localised
to the superficial depths of the parahippocampal sulcal bank and fundus. Decreased neg-
ative susceptibility values in distinct voxel populations within the same region suggested
a dual pathology of neural substrates.

Individualised analyses of deep grey matter identified significantly elevated z-scores in-
dicative of abnormal iron profiles relative to the healthy population, primarily in regions
proximal to the hippocampal head and in the mammillary nucleus. Individual-level cor-
tical analyses revealed abnormal iron markers predominantly localised to the temporal
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lobe. mTBI participants with abnormal cortical iron markers exhibited significantly higher
injury severity scores than their iron-normal counterparts, suggesting a link between po-
tential iron deposition and symptom burden.

The findings of this thesis converge to underscore the vulnerability of the temporal
lobe region to tissue dyshomeostasis following mTBI. This highlights the need for en-
hanced anatomical specificity in QSM-based investigations and suggests that the current
emphasis on major basal ganglia substructures and an over-reliance on group-wise ana-
lysis is limiting. Collectively, the works contained within this thesis not only advance the
current understanding of grey matter micropathology in mTBI and its clinical relevance,
but provides both a compelling rationale for refining future QSM methodologies and a
framework by which this can be achieved.
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"The Brain—is wider than the Sky—

For—put them side by side—

The one the other will contain

With ease—and You—beside—

The Brain is deeper than the sea—

For—hold them—Blue to Blue—

The one the other will absorb—

As Sponges—Buckets—do—

The Brain is just the weight of God—

For—Heft them—Pound for Pound—

And they will differ—if they do—

As Syllable from Sound" 1

1 Emily Dickinson. The Brain is Wider than the Sky.
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1
I N T R O D U C T I O N

"The brain is the last and grandest
biological frontier, the most complex
thing we have yet discovered in our
universe."

James D. Watson
Foreword: Discovering the Brain

1.1 biological substrates and mtbi : an introduction

The quote above from renowned molecular biologist and geneticist James D. Watson en-
compasses the enigma that the human brain presents to science. This organ belies its own
complexity; weighing about 1.5 kilograms and comprising just 2% of the body’s total mass
(Herculano-Houzel, 2009), it not only maintains homeostasis and runs the systems of the
body below the level of conscious awareness, but acts as the central processor of sensory
input, motor output, emotion, and cognition (Morgane et al., 2005; Venkatraman et al.,
2017). From within the dark confines of the cranial vault protecting this vulnerable or-
gan, the brain constructs the subjective experience of both the internal and external world,
giving rise to embodied experience as well as subjective consciousness and the phenomen-
ology of being.1 Nerve cells (neurons), the computational units of the brain, are estimated
to number approximately 86 billion (Herculano-Houzel, 2009) and amass hundreds of tril-
lions of connections between them (Drachman, 2005). To put this in perspective, next time
you look up on a clear night and observe the vastness of the Milky Way stretching across
the sky, consider this: the number of connections between neurons in your brain is greater
than the number of stars in this galaxy (Howell, 2022). Our connection to the stars extends
in a more material sense, too; the elements of our brain tissues were forged in the hearts
of these cosmic furnaces. The life-sustaining particulates which trace their origins back to
stellar nucleosynthesis include hydrogen, oxygen, carbon, nitrogen, sodium, magnesium,
potassium, calcium, and iron, among others (Fox, 2004), and account for not only the con-

1 Although whether the subjective experience of consciousness is inherently meaningful (see, for example,
Chalmers, 1996), or simply an epiphenomenon of the biological system (Dennett, 1993) is a continuing matter
of debate.
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stituent elements of the cell (Alberts et al., 2002) and brain tissue, but cellular metabolites
(Grochowski et al., 2019) and related byproducts (Rink et al., 2011).2

For all the astonishing capabilities of the brain, its central role in preserving life, and
its cosmic origin, it is nonetheless fragile. The very elements that make cognition and con-
sciousness possible are tightly regulated within the brain, and any deviation from homeo-
stasis, such as that which occurs when the head is subjected to even minor mechanical
forces, can damage the neurons and initiate cascades of biochemical and metabolic changes
(Giza et al., 2001, 2014). These cascades can further injure the cells, disrupting structure and
function, which can have life-altering consequences. Thus, sustaining a traumatic brain in-
jury (TBI), even a mild traumatic brain injury (mTBI), can significantly affect quality of life
in both the short- and long-term, disrupt the sense of self, contribute to the development of
neurodegenerative conditions, and even diminish life expectancy (Guskiewicz et al., 2007;
Mackay et al., 2019; McInnes et al., 2017; Mckee et al., 2015; Rosenbaum et al., 2012).

Whilst the fundamental building blocks of our cells are beautiful and celestial, in injury,
the elemental compositions can metamorphose into something far more sinister; iron is
one such compound. This vital element is involved in many cellular processes, however,
dysregulated iron homeostasis in the brain can have profound effects on neuronal function
and cognitive health, and is increasingly recognised as a contributor to cellular pathology
following mTBI (Gozt et al., 2021a; Huang et al., 2021; Lu et al., 2015; Nisenbaum et al.,
2014; Raz et al., 2011).

Despite significant advancements in neuroscience and neuroimaging techniques that al-
low visualisation and quantification of neural substrates via surrogate markers, including
distributions of iron, calcium, myelin (the fatty sheath surrounding neurons), and protein
aggregates, the role of these brain tissue components in mTBI remains a complex puzzle
that is only partially understood. Quantitative susceptibility mapping (QSM), an advanced
magnetic resonance imaging (MRI) post-processing technique, generates scalar maps rep-
resentative of biological substrates by leveraging the inherent magnetic properties, such as
paramagnetism (iron-related positive susceptibility) and diamagnetism (myelin-, calcium-,
and protein-related negative susceptibility), in response to the applied magnetic field of
an MRI machine (Duyn et al., 2017; Gong et al., 2019; Jang et al., 2021; S. Kim et al., 2020;
Y. Wang et al., 2017; Z. Zhao et al., 2021). However, many of these tissue components, and
QSM as a specialised MRI imaging technique, remain under researched and under utilised
within the domain of mTBI. This gap underscores the need for more widespread adoption
of QSM to better understand the subtle pathological changes occurring after injury; a gap
this thesis aims to address.

2 To quote the great Carl Sagan (1980), "The cosmos is within us. We are made of star stuff. We are a way for the
universe to know itself."
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1.2 thesis aims and objectives

In this thesis, thresholded QSM is used to quantify and compare spatial distributions of
magnetic substrates across the brain, from the deep grey matter of the basal nuclei to
the grey matter of the cerebral cortex, between mTBI participants and healthy controls
(HC). The primary focus is on positive magnetic susceptibility values, as iron is the best-
characterised and most dominant source of paramagnetism detected by QSM (a compre-
hensive discussion of this is provided in Chapter 3). As a secondary approach, negative
susceptibility values are investigated. Diamagnetic substrates are less well characterised
within the literature, and their relatively weaker signal contributions pose a greater chal-
lenge to identify using QSM, complicating their relationship with mTBI effects (again,
these are reviewed in Chapter 3).

Only a limited number of studies have applied QSM to assess changes in brain tissue
composition following mTBI. Most of these studies have focused on relatively coarse seg-
mentations of the basal ganglia, with only two studies exploring iron distribution in the
cortex but naïve to cortical architectonics known to influence damage localisation in brain
tissue (these studies are discussed in detail in Chapter 3). Furthermore, no studies have
yet used QSM to investigate the separate divisions of the hippocampal formation, des-
pite the vulnerability of the temporal lobe and hippocampal subregions to injury in mTBI.
Extant research has exclusively relied on the analysis of aggregate QSM, which may intro-
duce confounds related to inter-voxel averaging during analysis (this is also discussed in
Chapter 3).

This thesis addresses these research gaps by thresholding QSM into separate maps of
dominant voxel-wise net susceptibility sign to assess the effects of mTBI on brain tissue
composition across:

a) The extended subregions of the basal ganglia and associated nuclei, representing the
most detailed segmentation to date;

b) The hippocampal formation, whose subfields remain unexplored in QSM studies of
mTBI; and

c) The cerebral cortex, using column-based analyses to identify the effects of variation
in cortical depth and curvature on tissue dyshomeostasis.

This thesis also seeks to recognise the heterogeneity of injury in mTBI and the limitations
of group-level statistical approaches, which may preclude inference at the individual level.
To date, individualised approaches to QSM in mTBI have been overlooked; a research gap
that will be addressed by leveraging z-tests to generate individual profiles of mTBI effects.
Due to the well-established relationship between paramagnetism and iron, all individual
profiling is conducted specifically for positive susceptibility. Here, the research objective is
to:
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d) Build the first individualised profiles of mTBI-related deviations in regional positive
susceptibility values across all aforementioned brain structures, relative to a healthy
normal population.

These research objectives converge into the three overarching aims of this thesis:

1. Advance the current understanding of mTBI-related changes to brain tissue com-
position: by investigating the spatial distributions of magnetic substrates within the
cerebral grey matter.

2. Refine and apply techniques that enhance sensitivity to injury-related changes in the
brain: by incorporating advanced methodologies and segmentations that account for
anatomical complexities, including extended investigations of basal nuclei, differen-
tiation of the hippocampal subfields, and cortical column-based analyses sensitive to
the effects of cortical morphology.

3. Leverage traditional group-level analyses versus individualised profiling: to assess
the utility of standard versus individual-specific approaches for understanding mTBI-
related tissue content differences.

1.3 thesis outline

The remainder of this thesis is organised as follows:

Chapter 2 is the first background chapter of this thesis and provides a comprehensive
overview of mTBI to establish the foundational knowledge necessary to parse the
content of subsequent chapters. The chapter begins with a definition of mTBI and dia-
gnostic criterion, before exploring its epidemiological underpinnings. A key focus of
this chapter is the underlying pathophysiology of mTBI, including primary and sec-
ondary injury, and the associated neurometabolic cascades. Finally, the role of brain
iron in the maintenance of normal cellular processes is explored, which facilitates
a discussion of its involvement secondary injury cascades in mTBI. This chapter, in
essence, communicates why an understanding of brain iron dyshomeostasis, and dis-
ruption to other biological substrates, may contribute to understanding mTBI effects
and advance the field closer to establishing an objective marker of injury.

Chapter 3 is the second background chapter of the thesis and explores the fundamental
concepts related to MRI and thereby QSM, highlighting its imaging capabilities, ap-
plications, and utility in detecting and characterising brain tissue content in the con-
text of mTBI with the aim of answering the question, “why use QSM to study mTBI?"
This chapter provides a review of the sparse extant literature on the use of QSM to
investigate mTBI and notes key gaps that this thesis’ research aims were developed to
address. This chapter serves as a transition into the research studies comprising this
thesis, adds context for the novelty of the work presented herein, and elucidates how
this research will contribute to advancing this developing field.
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Chapter 4 presents the first research project. This chapter serves as an evidence-based ra-
tionale and methodological justification for the QSM reconstruction method used in
the proceeding major contributions. A comparative analysis of the performance of two
different QSM reconstruction algorithms, with and without two-pass artefact reduc-
tion, is conducted using an existing realistic in silico phantom. Reconstructions are
analysed relative to a ground-truth susceptibility map across a variety of signal-to-
noise (SNR) and image quality metrics. The discussion contextualises the results, syn-
thesising across the current literature and recent recommendations for best-practice
QSM reconstruction. Ultimately, this chapter aims to enhance the methodological
rigour and validity of the works comprising this thesis.

Chapter 5 contains the second research project and first major contribution. This study
presents an in-depth analysis of differences in positive and negative susceptibility
values between mTBI participants and HC across 16 bilateral segmentations of the
basal ganglia and 10 hippocampal subfields. Despite the vulnerability of the tem-
poral lobe and hippocampus to damage following mTBI and the prevalence of asso-
ciated symptomatology (for example, memory impairment), detailed analyses of this
brain region have been excluded from QSM studies of mTBI. By addressing this gap
and extending previous seminal work in the field, this study provides a novel and
significant contribution to the literature.

Chapter 6 contains the third research project and second major contribution. The cortex,
with its complex layer-specific structure and gyrification (i.e., grooves and ridges),
presents significant challenges for study and has been largely overlooked in mTBI-
related QSM research. In this chapter, column-based analyses sensitive to cortical
architectonics are used to assess bilateral patterns of voxel-wise positive and neg-
ative susceptibility across 34 cortical regions of interest (ROIs). The analyses in this
chapter are sensitive to variations in cortical depth, measured across 21 depths from
the pial surface to the grey matter/white matter (GM/WM) boundary, and cortical
curvature, including the crown, bank, and fundus. This detailed assessment provides
novel insights into how mTBI affects the cortex, and how microstructural changes in
brain tissue content may be modulated by cortical architecture and cranial-dural
morphology.

Chapter 7 and Chapter 8 present the fourth and fifth research projects and third and
fourth major contributions. In these chapters, I address the inter-individual hetero-
geneity of mTBI and the loss of subtle, but clinically relevant, information that may
occur when using traditional group-wise statistical approaches. These research pro-
jects aim to acknowledge the need for more precise, individualised methods. In these
chapters, I construct individualised profiles of positive susceptibility values by lever-
aging z-tests for each ROI to build healthy population templates from the z-scores of
HC participants. Z-scores of an extended mTBI participant sample are then analysed
against the normalised HC z-distribution. Chapter 7 pertains to individualised ana-
lyses of the basal nuclei and hippocampal formation. Chapter 8 examines 34 cortical
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parcels for the primary analysis, which is followed by exploratory analyses across six
depths and three curvatures (crown, bank, and fundus) for each cortical ROI. These
two studies represent the first dedicated individualised analyses of mTBI effects us-
ing QSM, marking a significant advancement in our approach to, and understanding
of, the microstructural brain changes associated with mTBI and their relevance at the
individual and clinical level.

Chapter 9 synthesises the five research projects contained within this thesis, and
provides a general discussion. Here, the works are summarised prior to a discus-
sion regarding the implications of the findings and methodological approaches. This
chapter highlights the contribution of this thesis to the QSM and mTBI literature,
identifies key general limitations, and provides suggestions for future research. This
chapter, and the thesis broadly, is concluded with some final thoughts and closing
remarks.
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2
M I L D T R A U M AT I C B R A I N I N J U RY: D E F I N I T I O N S ,
E P I D E M I O L O G Y, A N D PAT H O P H Y S I O L O G Y

To appreciate the societal and personal costs associated with mTBI, an understanding of
the epidemiological and pathophysiological landscape is essential. Investigating the incid-
ence, prevalence, risk factors, and burden of mTBI contextualises not only the impetus to
address this condition, but also the challenges associated with doing so. In this section, an
up-to-date definition and a comprehensive review of the current epidemiological trends is
presented. This lays the groundwork for understanding the heterogeneous and complex
pathophysiological processes induced by mTBI, including the role of brain iron dyshomeo-
stasis and other biological substrates in the secondary injury cascade central to this thesis.
The key points are summarised in § 2.5.
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2.1 definitions and diagnostic challenges

2.1 definitions and diagnostic challenges

TBI is the most common neurological disorder with an annual estimated incidence of 50-60
million cases worldwide, representing a ∼$400 USD billion global economic burden (Howe
et al., 2022; Maas et al., 2022). Far from a binary condition, TBI exists along a continuum
from mild to severe, with mTBI accounting for 90% of all cases (Maas et al., 2022). While
severe TBI is characterised by the presence of lesions readily identifiable on conventional
clinical imaging, such as computed tomography (CT) and MRI, the presentation of mTBI
is more subtle. Standard radiographic methods fail to detect mTBI-related brain alterations
(Hier et al., 2021; Lunkova et al., 2021) in 90-95% of cases (Maas et al., 2022). As a result,
mTBI diagnosis and prognosis relies almost exclusively on clinical assessment and self-
reported symptoms (Lefevre-Dognin et al., 2021).

Over the last three decades, the criteria for diagnosing mTBI have undergone signific-
ant refinements. Seminal definitions, such as those from the Head Injury Interdisciplinary
Special Interest Group of the American Congress of Rehabilitation (ACRM) (1993), have
provided a foundation from which the current classifications evolved. However, the pro-
liferation and variability of criteria have led to definitional and diagnostic inconsistencies,
complicating cross-study comparisons and validation efforts, and leading to drastic in-
equities in access to care (Silverberg et al., 2023). Indeed, a single study that compared 17
distinct definitions of mTBI, applied to a cohort aged between 3 and 16 years, found that
the proportion of the sample classified as having sustained an mTBI ranged from 7.1%
to 98.7%, underscoring the level of ambiguity introduced by differing diagnostic criteria
(Crowe et al., 2018).

Ultimately, these issues culminated in a recent revision published by the ACRM in 2023
aimed at standardising the operational and diagnostic criterion for mTBI (Silverberg et al.,
2023). According to this revision, a mTBI is induced by the transfer of mechanical energy to
the brain from either the head striking or being struck by an object or surface, inertial forces
such as acceleration/deceleration, and/or exposure to blast impacts. Clinical diagnosis of
mTBI requires that:

1. A loss of consciousness lasts less than 30 minutes;

2. A Glasgow Coma Scale (GCS) score is between 13 and 15;

3. Post-traumatic amnesia is not present for more than 24 hours.

In addition, signs and symptoms of mTBI indicative of acute brain dysfunction must be
present and should not be accounted for, but may accompany, confounds related to pre-
existing or co-occurring health conditions. Clinical signs of mTBI include, but are not lim-
ited to, altered mental states including confusion and disorientation; physical symptoms
include headache, vertigo, vestibular issues, and sensory sensitivities; cognitive symptoms
include impaired concentration and memory, and; emotional disturbances present as labil-
ity or irritability. If a focal lesion is present on CT or MRI, a qualifier denoting the presence
of structural intracranial injury via imaging should be used (Silverberg et al., 2023).
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2.2 epidemiology

Here, it is important to note that the term “concussion” is often used interchangeably
with mTBI. The ACRM suggests that concussion can be applied to cases of mTBI where
conventional MRI returns normal findings (Silverberg et al., 2023). This is largely con-
gruent with the conceptual definition accepted by the recent 6th International Consensus
Conference on Concussion in Sport, with the caveat that while standard neuroimaging
(CT/MRI) must be normal for diagnosis of concussion, in a research setting changes to
brain function, blood flow, or metabolism may be revealed by advanced neuroimaging
methods (Patricios et al., 2023). Although the definition offered by Patricios et al. (2023)
is broader than the one established by the ACRM, the literature generally accepts the in-
terchangeable use of these terms whereby, broadly, mTBI is used in clinical contexts and
concussion is applied to sporting incidents. For the purposes of this thesis, however, mTBI
will be used as an umbrella term encompassing the sports-related mTBI (sr-mTBI) invest-
igated herein.

2.2 epidemiology

Common mechanisms for sustaining a mTBI include sports participation (particularly con-
tact sports), falls, road traffic accidents, instances of domestic or interpersonal violence,
military-related exposures such as to blast forces, and the head striking or being struck
by an object (Naumenko et al., 2023). Beyond causes, however, epidemiological research
is fraught with challenges, primarily due to methodological variability and significant un-
derreporting as many individuals with mTBI do not seek medical attention (Setnik et al.,
2007). Indeed, recent injury surveillance data from a United States population suggest
that over half of all mTBI are untreated in a medical setting (Waltzman et al., 2025). While
hospital-based studies typically report incidence rates of 200–300 cases per 100,000 persons
per year (Cassidy et al., 2004), population-based data indicate that the true incidence may
be at least twice that, with numerous studies citing incidence rates in excess of 600 cases
per 100,000 persons per year (Gardner et al., 2015; Lefevre-Dognin et al., 2021). Within the
New Zealand context, a population-based study reported an incidence of 790 TBI cases per
100,000 persons per year, with approximately 749 per 100,000 of these classified as mild
(Feigin et al., 2013).

The epidemiology of sr-mTBI is even more complex. This can be attributed, at least in
part, to well-documented underreporting among athletes (Kroshus et al., 2015; Meier et
al., 2015). In addition, incidence rates vary considerably between countries (Theadom et
al., 2020), which is exacerbated by the reliance on the subjective experience for diagnosis
of injury, and current surveillance methods are estimated to capture only 1 in 9 cases
(Pierpoint et al., 2021). Inconsistencies in how incidence is quantified, whether in terms
of player-seasons, player-games, player-minutes, or other metrics (Wasserman et al., 2018),
also serve to confound cross-study comparisons. Notwithstanding these complexities, a
recent systematic review suggests that up to approximately 30% of all TBI cases may be
attributed to sports participation (Theadom et al., 2020).
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2.2 epidemiology

While for some, mTBI-related symptoms are transient and resolve within two weeks
(Gozt et al., 2021b), between 15% (Walker et al., 2013) and 30% (Rosenbaum et al., 2012)
of individuals experience significant, and in some cases life-changing, long-term clinical
sequelae which can persist for up to three decades post-injury (De Beaumont et al., 2009;
Guskiewicz et al., 2005; Hellewell et al., 2020). Numerous factors contribute to differences
in injury severity, symptom burden, in vivo brain tissue pathology, and even autopsy find-
ings. These include individual differences prior to injury such as genetic predispositions,
age, gender, IQ, ethnicity, psychiatric history, prior exposure to mTBI, and substance use
history, as well as differences in the mechanisms and loci of injury (Rosenbaum et al.,
2012). For example, in sr-mTBI variability in the sport and even player position can affect
injury severity, lead to diverse effects on brain structure and function, and divergence in
symptom burden and cluster (Rosenbaum et al., 2012; Scopaz et al., 2013).

Age and sex are key risk factors for both sustaining mTBI and experiencing adverse
outcomes, including prolonged recovery. Epidemiological data reveal a bimodal distribu-
tion in mTBI prevalence, with incidence peaking in adolescence/young adulthood (15–24
years) and again in individuals over 65 (Shukla et al., 2010). Younger individuals, in par-
ticular, tend to experience a significantly extended symptom burden (Rosenbaum et al.,
2012), suggesting distinct recovery trajectories across the lifespan. Being of female sex is
associated not only with an increased risk of sustaining mTBI (Pierpoint et al., 2021; Zech
et al., 2022) but also with more severe symptom presentation and longer recovery times,
including a heightened likelihood of developing post-concussion syndrome, defined as per-
sistent mTBI symptoms beyond three months (Mavroudis et al., 2024; Preiss-Farzanegan
et al., 2009). This disparity may be attributable to sex-based differences in the temporal
dynamics of the neuroinflammatory response (Flavin et al., 2023), fluctuations in sex hor-
mone levels (Wunderle et al., 2014), variations in oral contraceptive use (Gallagher et al.,
2018), and differences in neck muscle morphology (Tierney et al., 2005). It is also import-
ant to recognise that, in addition to biological risk factors, these data may be influenced
by sex differences and sociocultural factors that shape attitudes toward reporting injury
occurrence and symptom severity (Hardaker et al., 2024).

Lastly, the role of repetitive mTBI and head impacts that do not produce overt clinical
symptoms (i.e., “sub-concussive events”), which are common in sports participation, are
noteworthy. These events are increasingly recognised as key drivers of long-term neuro-
pathological changes, whereby a clear dose-response relationship is evident in the cumulat-
ive burden of such impacts (Bailes et al., 2013; Maas et al., 2017; McKee et al., 2023). These
chronic effects extend beyond cognitive deficits to include an increased susceptibility to
mental health disorders and neurodegenerative conditions, such as chronic traumatic en-
cephalopathy (CTE), Alzheimer’s disease (AD), and Parkinson’s disease (PD), as well as
premature morbidity (Bieniek et al., 2021; De Beaumont et al., 2009; Graham et al., 2022;
Guskiewicz et al., 2007; Khan et al., 2024; Mackay et al., 2019; McInnes et al., 2017; McKee et
al., 2023). The mechanisms underlying these neurodegenerative trajectories are discussed
in greater detail below.
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2.3 pathophysiology and markers of injury

The persistent difficulties in defining and identifying mTBI illustrates the limitations
inherent in relying primarily on clinical assessment by subjective self-report. As demon-
strated here, such reliance contributes to diagnostic ambiguity and confounds efforts to
delineate or compare epidemiological factors. Developing objective markers, whether us-
ing advanced imaging techniques or biomarker assays, is thus critical to ameliorating many
of these issues and advancing the current understanding of mTBI. The next section exam-
ines the pathophysiological cascades induced by mTBI, exploring how acute mechanical
forces trigger a temporally-mediated interplay of cellular, metabolic, and inflammatory
processes.

2.3 pathophysiology and markers of injury

The challenges inherent in characterising and classifying mTBI span multiple domains, and
this complexity is equally evident in the heterogeneity of its pathophysiological manifest-
ations. Although GCS scores are conventionally employed as an initial metric for categor-
ising TBI severity (Laskowski et al., 2015), they offer limited insight into the physiological
processes that drive symptomatology; here, classification by pathophysiology is necessary
(Saatman et al., 2008). The initial mechanical energy transmission to the brain precipitates
two distinct yet interrelated injury categories, primary and secondary injury, which are
characterised by unique temporal dynamics and distinct neurobiological processes (Giza
et al., 2014; Gozt et al., 2021a). Although no definitive biomarker for mTBI currently ex-
ists, many of these pathophysiological mechanisms can be identified in vivo via surrogate
markers.

2.3.1 Primary injury

Primary injury occurs at the time of the incident when the brain is displaced within the
skull, damaging the neurons, glia, and blood vessels of the cerebral tissues (Prins et al.,
2013). This initial insult can be further subdivided into focal and diffuse injuries, which
frequently co-occur across the broader spectrum of TBI. A focal brain injury arises from
contact between the brain and the skull during impact and may manifest as a gross focal
lesion or haemorrhage, particularly in severe TBI. These mechanisms of focal injury also
apply to mTBI, however, due to the more subtle nature of this injury the degree of tissue
damage is comparatively less extreme. Nonetheless, susceptibility-weighted imaging (SWI)
can detect small, localised microvascular disruptions (i.e., microhaemorrhages or microb-
leeds) typically measuring less than 10 mm in diameter (Hageman et al., 2022; Lunkova
et al., 2021).

The presence of microhaemorrhage is also associated with diffuse injury process, spe-
cifically diffuse axonal injury (DAI) (Lunkova et al., 2021), which is a primary pathologic
feature of mTBI (Hellstrøm et al., 2017; Laskowski et al., 2015). Unlike focal lesions, diffuse
primary injury is a global phenomenon triggered by rapid inertial forces such as accel-
eration, deceleration, or rotation, that generally stretch, and in severe cases shear, axonal
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2.3 pathophysiology and markers of injury

processes. This mechanical strain induces microstructural cytoskeletal damage predom-
inantly within white matter (Saatman et al., 2008; Seifert et al., 2015), a pathology most
frequently identified using diffusion MRI (dMRI) (Lunkova et al., 2021). DAI has long
been implicated in the clinical manifestations of mTBI, and imaging studies have reported
associations between DAI and cognitive, somatic, and emotional symptoms up to one year
post-injury (Hellstrøm et al., 2017).

2.3.2 Secondary injury

Secondary injury refers to the resultant dynamic physiological processes catalysed by
the primary injury; this complex, self-perpetuating cascade of ionic and metabolic dis-
turbance unfolds over acute, subacute, and chronic phases, each marked by distinctive
cellular events that can influence clinical symptomatology (Giza et al., 2014; Gozt et al.,
2021a; Walker et al., 2013). Although the precise mechanisms of secondary injury remain
incompletely understood, seminal contributions by Giza and colleagues (2001, 2014) have
provided the foundation for elucidating many components of this neurometabolic cascade.

2.3.2.1 Acute phase (hours to days)

Excitotoxicity: Stretch-induced mechanoporation of the plasmalemmal membrane causes
an immediate efflux of potassium and influx of sodium and calcium, which depolarises
cells and activates both voltage- and ligand-gated ion channels (Farkas et al., 2006; Giza
et al., 2001, 2014). This depolarisation prompts the release of excitatory neurotransmitters,
most notably glutamate, that bind to N-methyl-D-aspartate (NMDA) receptors, further ex-
acerbating ionic imbalances and intensifying cellular depolarisation (Giza et al., 2001). This
positive feedback loop of depolarisation and hyper-excitability creates a rapid “spreading
depression." As a result, ATP-dependent ion pumps are activated to restore homeostasis,
resulting initially in glucose hypermetabolism; however, the heightened energy demand
eventually culminates in a cellular energy crisis. The initial phase of hyperglycolysis is
followed by a period of glucose hypometabolism and altered cerebral blood flow (lasting
up to 10 days); a state that increases vulnerability to additional injury and second impact
syndrome (Romeu-Mejia et al., 2019). MRI-based studies have documented regional reduc-
tions in cerebral blood flow in the frontal and temporal lobes, areas particularly vulner-
able to impact, and decreased global connectivity in the visual and sensorimotor cortices
(Churchill et al., 2017).

These events are further compounded by acute sequestration of intracellular calcium in
mitochondria, which can lead to mitochondrial dysfunction (for a review, see S. Kim et al.,
2017), impaired oxidative metabolism, cell damage, and cell death (Giza et al., 2001, 2014).
Alterations to the intracellular redox state can generate free radicals that disrupt metabolic
pathways and heighten the risk of long-term impairments (Giza et al., 2014). Addition-
ally, cytoskeletal damage and intra-axonal calcium flux degrades structural integrity via
microtubule and neurofilament damage and phosphorylation (Nixon, 1993), which can im-
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pair signalling capacity and result in an accumulation of amyloid precursor protein (APP)
(Giza et al., 2014; Romeu-Mejia et al., 2019).

The initial glutamate increase is also followed by region-specific decreases up to two
weeks post-injury. Inhibitory neurotransmitters, including γ-aminobutyric acid (GABA),
also demonstrate region-specific decreases following injury (Romeu-Mejia et al., 2019).

2.3.2.2 Subacute and chronic phase (days to years)

Axonal changes and demyelination: In the days to weeks following injury, particularly in cases
of repetitive mTBI, alterations in white matter and axonal integrity are increasingly evid-
enced by the literature. Initially, an acute phase of axonal swelling is observed, as indicated
by increased fractional anisotropy on diffusion tensor imaging (DTI), a phenomenon hypo-
thesised to reflect cytotoxic oedema (Wilde et al., 2008). In the subacute phase, decreased
fractional anisotropy has been reported, which is consistent with axonal degeneration and
demyelination within white matter regions and has been linked to impaired cognitive
processing (Wozniak et al., 2007). More recently, demyelination in the intracortical white
matter has been identified via analysis of T1-weighted (T1w) to T2-weighted (T2w) MRI
image volume intensity ratios (Mahoney et al., 2022). These effects were most pronounced
in the temporal cortex and persisted up to six months post-mTBI. Together with primary
DAI, these findings suggest that significant and lasting alterations to axonal structures,
including myelin, may contribute to adverse mTBI symptomatology.

Neuroplasticity and LTP: Following mTBI, alterations in receptor function and expres-
sion disrupt synaptic plasticity, particularly impairing long-term potentiation (LTP), a key
process that mediates learning and memory (Romeu-Mejia et al., 2019). In murine models,
hippocampal LTP disruption has been identified after mTBI, with partial recovery typically
observed by seven days post-injury (Sick et al., 1998). However, this recovery appears to be
delayed in female mice, extending up to 28 days (White et al., 2017); a protracted impair-
ment that may exacerbate cellular vulnerability and contribute to neuron loss (Reeves et
al., 1995). This is supported by data from human studies of sr-mTBI, where disruptions in
neuroplasticity also correlated with deficits in motor learning (De Beaumont et al., 2012),
highlighting the role of impaired synaptic mechanisms in the pathophysiology of mTBI
and learning-dependant symptomatology.

Blood-brain barrier disruption: The blood-brain barrier (BBB) is a selectively permeable
interface composed primarily of endothelial cells that form tight junctions regulating para-
cellular transport (Ballabh et al., 2004; Sahyouni et al., 2017). This barrier is reinforced
and maintained by the neurovascular unit, including astrocytes, microglia, and pericytes
(Broux et al., 2015) and prevents the passage of pathogens, neurotoxins, and blood cells
into the brain (Z. Zhao et al., 2015). This protective barrier is essential to the preserva-
tion of central nervous system (CNS) homeostasis (Abbott et al., 2010), however, evidence
indicates that BBB disruption can occur following a season of sports participation, with
up to 52% of young athletes exhibiting signs of compromised barrier integrity (O’Keeffe
et al., 2020). In the context of sports participation, this finding is particularly concerning
given identification of BBB dysfunction as a feature of CTE (Doherty et al., 2016; Tagge et
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al., 2018). In murine models of mTBI, increased BBB permeability has also been observed,
often accompanied by atypical astrocytic responses that impede the restoration of BBB in-
tegrity (George et al., 2022; Shandra et al., 2019). Such alterations to this critical barrier may
last for years after injury, are related to extended neurological symptomatology (Shlosberg
et al., 2010), and may be implicated in gliosis and neuroinflammation (Y. Wu et al., 2020).

The astrocytic calcium-binding protein S100B, detectable in blood, has emerged as the
primary assay-based marker for mTBI. While elevated serum S100B levels have been attrib-
uted to BBB disruption there is debate regarding the precise mechanisms, which remain
incompletely understood (see Oris et al., 2023). Despite its status as the most widely util-
ised and clinically valuable blood biomarker for mTBI, its application is complicated by a
narrow sampling window of three hours post-injury and confounds such as extra-neural
sources and relationships with age and skin pigmentation (Backus et al., 2024; Oris et al.,
2023; Sapin et al., 2021).

Inflammatory pathways: Neuroinflammation is increasingly recognised as a critical factor
in both the initial neuronal pathology and the subsequent development of symptoms
following mTBI (Rathbone et al., 2015). In the aftermath of injury, neuroinflammation
is primarily mediated by the activation of resident immune cells, particularly microglia,
which release a cascade of pro-inflammatory cytokines such as interleukin-6 (IL-6),
interleukin-1β (IL-1β), and tumour necrosis factor-alpha (TNF-α) (Rathbone et al., 2015).
While the initial inflammatory response is neuroprotective, extended inflammation can
contribute to neuron loss and degeneration of brain tissue (Hinson et al., 2015; M. S. Kim
et al., 2023). Murine models have demonstrated that these inflammatory responses can
persist for up to eight weeks post-injury (Shultz et al., 2013). Sustained neuroinflammation
has also been implicated in a broad spectrum of clinical sequelae, including headache, irrit-
ability, post-concussion syndrome, depression, sleep disturbances, fatigue, and cognitive
dysfunction (Rathbone et al., 2015).

2.3.3 mTBI and neurodegeneration:

Exposure to mTBI, and in particular repeated mTBI, is associated with an increased risk
of neurodegenerative diseases (Butler et al., 2022; McKee et al., 2023), constituting one of
12 modifiable factors (Livingston et al., 2020). In particular, mTBI has been associated with
progressive tauopathies such as AD (Mahoney et al., 2022) and CTE (Murray et al., 2022).
Central to these pathologies is tau, a microtubule-associated protein that normally sup-
ports cytoskeletal integrity but becomes phosphorylated (p-tau) and aggregates into neur-
ofibrillary tangles (NFTs) under pathological conditions (Goedert et al., 2017). In CTE, a
pathognomonic lesion is characterised by perivascular accumulation of p-tau in the fundus
of the cortical sulci, generally in the frontal and temporal cortices, with additional aggreg-
ations in hippocampal subfields (e.g., cornu ammonis (CA) regions 1 and 4) (Bieniek et al.,
2021). CTE remains a post-mortem diagnosis and its underlying pathophysiology is still
under investigation (for a recent review, see Murray et al., 2022), impeding early identific-
ation and intervention.
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Understanding the acute-to-chronic neurometabolic cascades is critical to identifying the
trajectory from mTBI to later-life neurodegeneration. Recent systematic reviews have un-
derscored the central role of vascular pathology, BBB leakage (Doherty et al., 2016; Tagge
et al., 2018), and neuroinflammation, particularly reactive astrogliosis and microglial activ-
ation (Murray et al., 2022; Osterman et al., 2025), in the development of CTE and other
tauopathies including AD (Hardy et al., 2023). Axonal injury has been implicated in patho-
logical tau phosphorylation and the increased expression of amyloid-beta (Aβ) (Johnson
et al., 2013; Katsumoto et al., 2019; Tran et al., 2011). In addition, reactive astrocytes exhibit
impaired clearance of these proteins, further exacerbating their accumulation (Cherry et
al., 2020; Iliff et al., 2014).

Additional candidate hypotheses such as Blaylock’s immunoexcitotoxicity model pro-
pose that initial mTBI events, coupled with environmental exposures including to neur-
otoxic metals like iron, prime microglia such that subsequent traumas elicit an exagger-
ated excitotoxic, inflammatory, and immune response (Blaylock et al., 2011). This disrupts
glutamate clearance, induces oxidative stress, lipid peroxidation, and mitochondrial dys-
function, and may ultimately lead to dendritic retraction, synaptic injury, neuron loss, and
tau hyperphosphorylation, which are posited to contribute to the progressive neurodegen-
eration observed in CTE.

2.4 brain iron in the acute-to-chronic neurometabolic cascade

The preceding background on injury mechanisms and temporally-mediated biological cas-
cades is essential for understanding the role of iron in mTBI, particularly its contribution
to secondary injury and potential involvement in long-term neurodegenerative processes.
This foundation underscores why iron, and related biophysical substrates, may represent
a promising target for elucidating mTBI pathophysiology and have been selected as the
primary focus of this thesis.

Iron, the most abundant trace metal in the brain, is essential for numerous neuronal
processes including neurotransmitter-, myelin-, and DNA-synthesis, cellular metabolism,
oxygen transport, mitochondrial respiration, and oxidative phosphorylation (Gozt et al.,
2021a; Madden et al., 2023; Stephenson et al., 2014; R. J. Ward et al., 2014). Cellular con-
centrations are tightly regulated within neural tissue and iron overload, particularly in
non-haem forms (i.e., iron bound to proteins like ferritin and transferrin rather than haem
groups), is increasingly recognised as a driver of secondary neurotoxic events (Gozt et al.,
2021a; Nisenbaum et al., 2014) and cognitive dysfunction after mTBI (Huang et al., 2021;
Lu et al., 2015; Raz et al., 2011).

The precise mechanisms leading to iron overload after mTBI remain unclear, however,
the extant literature indicates that under normal conditions, one mechanism by which
non-haem iron enters the brain is via active transport across the BBB through vascular en-
dothelial cells. The putative mechanisms have been recently reviewed by Levi et al. (2024)
and are summarised here. The apical surface of the endothelial cells, which interfaces with
the bloodstream, express the transferrin receptor 1 (TfR1), serving as the primary pathway
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for transferrin-bound iron uptake (see Fig. 2.1). Non-transferrin-bound iron likely crosses
the BBB via endocytosis when bound to ligands such as citrate, ATP, or albumin, or follow-
ing reduction to ferrous iron by ferrireductases, after which it is transported by divalent
metal transporter 1 (DMT1) or other dimetal transporters. Ferritin-bound iron can cross
the BBB via ferritin receptors such as Tim-2. Once on the basal side of the BBB, iron is
taken up by most cells, which express a range of iron-handling proteins in varying ratios;
any excess iron is sequestered in ferritin to mitigate oxidative stress.

However, injury-induced microvascular dysfunction, microbleeds, and increased BBB
permeability likely increase iron transport (Gozt et al., 2021a; Huang et al., 2021; R. J.
Ward et al., 2014); processes which have been linked to significantly increased non-haem
brain iron content (Xiong et al., 2014). When iron accumulates to pathological levels, it
can exceed the capacity of storage proteins, increasing the labile iron pool and initiating
auto-toxic circuits that drive secondary injury cascades (Gozt et al., 2021a; Huang et al.,
2021; Nisenbaum et al., 2014) and neurodegenerative processes (Levi et al., 2024; Rouault,
2013; R. J. Ward et al., 2014).

Specifically, iron overload triggers redox reactions that generate reactive oxygen species
(ROS) via the Haber–Weiss reaction, which occurs as a two-part process (see Kruszewski,
2003; Levi et al., 2024). In the first phase, ferric ions (Fe3+) are reduced to ferrous ions
(Fe2+) by reacting with superoxide (O−

2 ):

Fe3+ + O−
2 → Fe2+ + O2 (2.1)

The second phase is the Fenton reaction whereby ferrous ions (Fe2+) react with hydrogen
peroxide (H2O2) to regenerate ferric ions (Fe3+) and produce hydroxide ions (OH−) and
highly reactive hydroxyl radicals (·OH):

Fe2+ + H2O2 → Fe3+ + OH− + ·OH (2.2)

Iron overload and the highly reactive species generated by redox cycling can lead to cyto-
toxic oxidative stress, lipid peroxidation, increased cell membrane permeability, increased
expression of pro-inflammatory cytokines, demyelination, damage to DNA, RNA, carbo-
hydrates, lipids, and proteins, impaired repair mechanisms, mitochondrial dysfunction,
glutamate excitotoxicity, proteinopathy, and iron-regulated cell death (ferroptosis) (Daglas
et al., 2018; Gozt et al., 2021a; Kruszewski, 2003; Levi et al., 2024; H. Ma et al., 2022; Mack-
enzie et al., 2008; Nisenbaum et al., 2014; Stephenson et al., 2014; Tang et al., 2020; R. J.
Ward et al., 2014). Iron deficiency has also been implicated in neuronal cell death (Levi
et al., 2024).

Evidence suggests iron overload also contributes to tau hyperphosphorylation (Nisen-
baum et al., 2014; Yamamoto et al., 2002), thus playing a role in the neurodegenerative
processes that culminate in tauopathies. Histologically-validated co-localisation of iron
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Figure 2.1: Mechanisms of iron transport across the BBB and cellular uptake in the CNS
Iron is transported across the BBB and into the CNS via receptors on the apical surface of endothelial cells. Once on the basal side, iron is taken up by astrocytes via

DMT1, by oligodendrocytes via Tim-2 or DMT1, and by neurons through both the Tf-TfR1 pathway and DMT1. Figure reproduced from Levi et al. (2024) under the

terms of the Creative Commons CC BY license.

with abnormal protein accumulations has established brain iron as a pathologic feature of
AD and PD (Lassmann et al., 2012; Stankiewicz et al., 2007; R. J. Ward et al., 2014; Zecca
et al., 2004). Iron dysregulation has also been noted in the pathogenesis of Huntington’s
disease (HD), Friedrich’s ataxia (FRDA), and amyotrophic lateral sclerosis (ALS), as well
as in chronic haemorrhage, cerebral infarction, anaemia, thalassaemia, haemochromatosis,
Hallervorden-Spatz, down syndrome, and AIDS (Haacke et al., 2005; Rouault, 2013; Y.
Wang et al., 2017). Identification of iron within NFTs in histological samples of CTE tis-
sue also suggests involvement of iron in TBI-related degenerative processes (Bouras et
al., 1997). Here, the sulcal fundus’ heightened susceptibility to mechanical strain (Bakh-
tiarydavijani et al., 2021; Ghajari et al., 2017) and microhaemorrhage (Kornguth et al.,
2017), coupled with dysregulated iron transport across the BBB under injury conditions
and evidence implicating iron in tau phosphorylation is particularly intriguing given that
pathognomonic CTE lesions manifest as perivascular clusters of p-tau in the sulcal fundus.
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2.5 summary

A recent histological study provides support for the involvement of iron and subsequent
oxidative stress in CTE pathology (Osterman et al., 2025). In this study, L-ferritin–positive
astrocytes were observed in close proximity to CTE lesions, suggesting that astrocytic react-
ivity may be a response to excessive iron accumulation and compromised BBB regulation.
While the spatial convergence of these mechanisms undoubtedly warrants further invest-
igation, the precise relationship remains under investigation.

Tauopathies notwithstanding, altered iron levels have been linked to demyelination in
ageing (Biel et al., 2021) and in demyelinating disorders such as multiple sclerosis (MS),
where dysregulated iron homeostasis may adversely affect myelin maintenance and repair
(Bradl et al., 2010; Stephenson et al., 2014; R. J. Ward et al., 2014).

Finally, iron has also been implicated in the development of intracranial calcifications
following infections in humans (Snyder-Keller et al., 2020) and seizures in murine models
(Aggarwal et al., 2018). Murine models of TBI also support the presence of well-developed
calcifications chronically (Laitinen et al., 2015; Lehto et al., 2012), which may also be present
as smaller, more diffuse entities at earlier injury stages (Gayoso et al., 2003). Here, reason-
able speculation suggests calcifications could be linked to injury-induced iron dyshomeo-
stasis at multiple stages of injury.

Taken together, the literature on brain iron homeostasis identifies that deviations from
normal levels not only indicate iron-related pathology but may also reflect broader changes
in neural tissue, such as alterations to myelin, tau phosphorylation, and calcification. Des-
pite evidence linking head trauma to elevated brain iron post-mTBI (Gozt et al., 2021a;
Huang et al., 2021; Lu et al., 2015; Nisenbaum et al., 2014; Raz et al., 2011), the association
between brain iron accumulation and the pathophysiology of acute sr-mTBI remains un-
clear. This thesis aims to address this gap by applying QSM, an advanced post-processing
technique of MRI data that can map and quantify magnetisable neural substrates including
iron, calcium, myelin, and certain proteins.

2.5 summary

This review serves a multidimensional purpose. First, it highlights the significant inter-
individual variability in symptom presentation, injury burden, pathophysiology, and both
short- and long-term impacts of mTBI. Second, it demonstrates how these factors can sub-
stantially degrade quality of life and daily functioning (McInnes et al., 2017), resulting
in persistent disability for many individuals (Carroll et al., 2020); burdens that challenge
the notion of this injury as “mild” (Zetterberg et al., 2016). Third, it provides an overview
of the current state of mTBI research, emphasising the heterogeneity that complicates its
study and diagnosis, and how these issues may be further exacerbated by a lack of stand-
ardised definitions. Collectively, this underscores the critical need for reliable, objective
markers of injury; however, despite considerable efforts, current approaches have yet to
yield a definitive biomarker of mTBI.

Lastly, the examination of the role of brain iron in the neurometabolic cascade of mTBI,
its interplay with other biological substrates, and its potential contribution to neurodegen-
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2.5 summary

erative processes, provides a rationale for investigating brain iron as a promising target.
The purpose of this thesis is to contribute to this essential research domain by elucidating
the potential for mapping and quantifying brain iron accumulation, and other biological
substrates, as objective markers of in vivo grey matter pathology in mTBI. The next sec-
tion will outline the methodological underpinnings of QSM, and how this post-processing
technique of MRI data can be leveraged in pursuit of this goal.
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3
Q S M : F R O M P R I N C I P L E S T O A P P L I C AT I O N S

The following section provides an overview of the fundamental principles of MRI and the
biophysical basis of magnetic susceptibility. The discussion is then extended to QSM and
briefly touches on its precursor, SWI. This is followed by a review of the current clinical
and research applications of QSM broadly, before examining the relatively few studies
that have leveraged this technique to investigate tissue dyshomeostasis following mTBI.
Collectively, this serves to contextualise the novel contributions of this thesis to the field,
from post-processing thresholding techniques to enhanced anatomical precision that have,
until now, been absent from the QSM-mTBI literature. The key points are summarised in
§ 3.10.
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3.1 an introduction to nuclear magnetic resonance and magnetic resonance

imaging

3.1 an introduction to nuclear magnetic resonance and magnetic res-
onance imaging

MRI exploits the principles of nuclear magnetic resonance (NMR); a phenomenon first de-
scribed by Bloch (1946) and Purcell et al. (1946). Azhar et al. (2023) provide a high-level
overview of the fundamental principles of MRI relevant to clinical research, which are
summarised below. MRI leverages spin, an intrinsic property of atomic nuclei that possess
an odd number of neutrons or protons, such as hydrogen (1H) which is abundant in biolo-
gical tissues. Spin is analogous to the movement of a spinning top rotating around its own
axis. However, it is important to parse the distinctions between this analogy and the fun-
damental properties of spin; the elements of the nucleus do not literally rotate but instead
generate a local dipolar field, called a magnetic moment. Under normal physiological condi-
tions, 1H nuclei in the body are randomly orientated such that the magnetic contributions
of each nuclei do not generate a net magnetic field (see Fig. 3.1B). However, the applica-
tion of an external magnetic field, such as the main magnetic field of an MRI scanner (B0),
causes the 1H nuclei to align either parallel (spin-up) or antiparallel (spin-down) along
the longitudinal (z) axis of B0. These 1H nuclei occupy one of two distinct nuclear energy
states: a lower energy state for nuclei oriented parallel to B0 and a higher energy state for
those oriented antiparallel. Due to the energy differential between spin-up and spin-down
orientations, a slight excess of nuclei in the lower energy spin-up state produces a small
net magnetisation vector, M, along the z-axis in the direction of B0, known as the longitud-
inal magnetisation

(
Mz
)

(see Fig. 3.1C and Fig. 3.2). These nuclei rotate (precess) with an
angular momentum around the B0 z-axis (see Fig. 3.1A) at a velocity directly proportional
to the field strength termed the Larmor frequency (ω0). This relationship is quantitatively
described by the Larmor equation:

ω0 = γB0 (3.1)

where ω0 is the angular frequency of the protons; γ is the gyromagnetic ratio constant for
specific nuclei, and; B0 is the magnetic field strength.

This small net magnetisation forms the fundamental source of the MRI signal, and is
leveraged to generate image contrast. However, receiver coils used to encode image in-
formation are sensitive only to transverse magnetisation, which, at equilibrium, is zero.
The application of a second radiofrequency (RF) magnetic field (B1), applied perpendicu-
lar to B0 (generally at 90°) and in short pulses at the Larmor frequency, excites the 1H spins
and tips the net magnetisation from its alignment along the z-axis into the transverse plane(

Mxy
)

perpendicular to B0 (see Fig. 3.2), where the spins begin to precess coherently (i.e.,
in-phase at the same angular frequency). This phase coherence results in a non-zero net
magnetisation in the transverse plane that can be detected and spatially encoded by the
receiver coils. The resulting time-dependent signal, the free induction decay (FID) signal,
has both a magnitude and a phase component. At the same time, the population differ-
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Figure 3.1: Nuclear spin precession, random orientation, and alignment in B0

A. Depicts the precession of a nuclear magnetic moment of a nucleus (black arrow) precessing about the external magnetic field B0 (green arrow) at the Larmor

frequency ω0 . B. Illustrates the random orientation of the magnetic moment under normal physiological conditions. C. Shows the alignment of these nuclei either

parallel (spin-up) or antiparallel (spin-down) along the longitudinal (z) axis of B0 . More nuclei occupy the lower energy spin-up state than the higher energy spin-

down state. Figure adapted from Azhar et al. (2023) under the terms of an Oxford University Press license.

ence between the spin-up and spin-down states is reduced, decreasing the longitudinal
magnetisation.

Once the RF excitation pulse is switched off, the nuclei relax back toward equilibrium.
This relaxation involves two key processes. First, T1 relaxation (the recovery of longitudinal
magnetisation), also known as spin-lattice relaxation, occurs as protons release absorbed
energy to their surroundings (the lattice), returning to a lower energy state. Second, T2 re-
laxation (the swift decay of transverse magnetisation) results from spin–spin interactions
that cause a loss of phase coherence among spins in the transverse plane. Here, it is im-
portant to note that inhomogeneities in the magnetic field lead to additional dephasing,
resulting in a faster signal decay termed T∗

2 (or observed) relaxation. Differences in these
relaxation rates across tissues form the basis for image contrast in MRI.

Figure 3.2: Net magnetisation vectors and radiofrequency excitation
This figure shows how the net magnetisation initially aligns along B0 . When a 90° radiofrequency pulse (B1) is applied, the net magnetisation is tipped into the

transverse plane, where the signal can be detected by the receiver coils. Figure adapted from Azhar et al. (2023) under the terms of an Oxford University Press

license.
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3.2 biophysical basis of magnetic susceptibility

A second rephasing RF pulse applied at 180° (as in a T2w spin-echo sequence) or via
gradient-mediated rephasing (as in a T∗

2 -weighted gradient-recalled echo (GRE) sequence),
reverses the dephasing of spins in the transverse plane, causing them to regain phase
coherence. At the echo time (TE), when the magnitude of the transverse magnetisation is
at its peak, the signal is sampled to generate an image.

Additional gradient (G) coils apply weak magnetic field gradients along the three or-
thogonal Cartesian axes, leading to spatial variations in the precessional frequency and
phase of the spins and enabling the encoding of spatial information. Gz (parallel to B0) is
used for slice selection, while Gx and Gy (perpendicular to B0) enable in-plane frequency
and phase encoding. The resulting time-domain signal is then converted to the frequency
domain via Fourier transformation for spatially resolved image reconstruction.

The repetition time (TR), which is the interval between two successive RF pulses, medi-
ates the degree of T1 relaxation while TE determines the extent of T2 relaxation. Adjusting
these parameters, among others, emphasises different relaxation characteristics of biolo-
gical tissues, enabling the acquisition of images weighted by T1, T2, or T∗

2 relaxation. For
the purposes of this thesis, it is important to highlight that GRE sequences are especially
prone to T∗

2 dephasing, making them sensitive to magnetic field inhomogeneities and sus-
ceptibility effects.

This section has detailed how acquisition of T1w, T2w, or other contrast-weighted im-
ages, depends upon variations in relaxation characteristics, specific signal sampling, and
user-selected pulse sequence parameters. In the next section, the biophysical basis of mag-
netic susceptibility will be explored, including how this can be leveraged in SWI and QSM
as an indirect marker of tissue composition.

3.2 biophysical basis of magnetic susceptibility

Magnetic susceptibility (χ) is a fundamental, dimensionless, physical property that rep-
resents the degree to which a material becomes magnetised when placed in an external
magnetic field, such as B0 (Deistung et al., 2017; Duyn et al., 2017; Schweser et al., 2016).
In MRI χ is the bulk magnetic susceptibility of each voxel (Reichenbach, 2012), rather than
the individual molecular contributions to susceptibility. The additional magnetic field gen-
erated by the magnetisation of a material is known as the demagnetising field (L. Li et al.,
2004). Although the MRI signal predominantly originates from the 1H protons in water,
magnetic susceptibility is determined by the configuration of electrons in surrounding mo-
lecules, which have a magnetic moment far stronger (∼103) than that of protons (C. Liu
et al., 2015b; Y. Wang et al., 2017).

The quantised spin and orbital angular momentum of unpaired electrons generate a net
magnetic moment that aligns with the external field, leading to a positive (paramagnetic)
susceptibility (C. Liu et al., 2015b), which is given by:

µs = −gsµB
S
h̄
≈ µB (3.2)
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3.2 biophysical basis of magnetic susceptibility

µL = −gLµB
L
h̄

(3.3)

where µs is the magnetic moment of an electron from its spin and µL is the magnetic
moment related to angular momentum; g represents the Landé g-factor; s and L denote
spin and orbital angular momentum quantum numbers, respectively; h̄ is the reduced
Planck constant; and µB is the Bohr magneton (see Fig. 3.3A). The probability of finding
an electron with a given set of quantum numbers follows the Boltzmann distribution,
which in turn yields an effective magnetic moment, µeff. The more unpaired electrons
present, the larger µeff, as the contributions from paired electrons largely cancel out (C.
Liu et al., 2015b). For linear materials, assuming an isotropic response, the magnetisation
(M) is directly proportional to the applied magnetic field (H), giving:

M = χH (3.4)

thus, the magnetic susceptibility is approximately given by:

χ ∼
µ2

eff
T

(3.5)

where the temperature coefficient T is the Curie temperature C (see Fig. 3.3A).

As orbital electrons in a paired configuration precess about the external magnetic field,
the circular current generates a magnetic moment that opposes the applied field. The
result is a diamagnetic susceptibility (C. Liu et al., 2015b). In Langevin theory the magnetic
moment of the induction current is given by:

µ = −Ne2µ0H
4me

ρ2 (3.6)

where, N is the number of electrons per unit volume; e is the electron charge; me is the elec-
tron mass; µ0 is the vacuum permeability; and ρ2 represents the mean square distance of
the electrons perpendicular to the direction of H (see Fig. 3.3B). Therefore, the diamagnetic
susceptibility is:

χ = −N e2µ0

4 me2
(3.7)

which shows that the susceptibility is negative and indicates that non-spherical molecules
possess an anisotropic magnetic susceptibility due to the orientation-dependent cross-

27



3.2 biophysical basis of magnetic susceptibility

sectional area (C. Liu et al., 2015b). In this way, variations in the magnetic susceptibility
depending on chemical composition can be understood.

Figure 3.3: Atomic origins of magnetic susceptibility
A. Depicts paramagnetic susceptibility arising primarily as a result of the magnetic moments from both the spin and orbital angular momentum of electrons (µs and

µL , respectively) in an applied magnetic field. Electrons occupy discrete energy levels according to a Boltzmann distribution, which leads to an expected magnetic

moment, µeff , and a paramagnetic susceptibility inversely proportional to the temperature T. B. Shows diamagnetic susceptibility originating from the precession of

orbital electrons in an applied magnetic field, modelled as a circular current. The current induces a secondary magnetic field that opposes the applied field, resulting

in diamagnetic susceptibility. Figure reproduced from C. Liu et al. (2015b) under the terms of the Creative Commons CC BY-NC-ND license.

At the elemental level, the human body is predominantly composed of oxygen, carbon,
hydrogen, nitrogen, calcium, phosphorus, magnesium, potassium, sulphur, sodium, chlor-
ine, iron, and zinc (Y. Wang et al., 2017). The primary constituents of cells include water,
proteins, lipids, minerals, and carbohydrates. Most naturally-occurring substrates of brain
tissue have paired electrons, and as such are diamagnetic (Duyn, 2013). However, iron in
ferritin, haemosiderin, and deoxyhaemoglobin contain unpaired electrons and have a para-
magnetism orders of magnitude greater than most diamagnetic tissue constituents (Duyn,
2013; Y. Wang et al., 2017).

The bulk magnetic susceptibility of most biological tissue is relatively small, generally
within ± 10-20% the χ of water, which itself has a weak diamagnetic susceptibility of
approximately -9.05 parts per million (ppm) (Schenck, 1996). Because human brain tissue
is ∼70-85% water, the total tissue susceptibility in grey and white matter is generally
within the range of -9.2 to -8.8 ppm, depending on its chemical concentrations (Duyn et
al., 2017). While water forms the baseline for tissue magnetic susceptibility, the primary
sources of susceptibility in the human brain are iron and myelin (Duyn, 2013; Reichenbach,
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2012; Y. Wang et al., 2015) with additional contributions from calcium and certain proteins
such as Aβ and tau (Gong et al., 2019; O’Callaghan et al., 2017; Z. Zhao et al., 2021).

Approximately 65% of the body’s iron exists in the ferrous (Fe2+) state, incorporated
within the haem groups of haemoglobin, which typically contain four unpaired electrons
per haem (Pauling et al., 1936). The electronic configuration of haemoglobin varies with its
oxygenation state. When oxygen binds to haemoglobin (forming oxyhaemoglobin), elec-
tron splitting and pairing occurs, leading to a weak diamagnetic susceptibility (Pauling et
al., 1936; Y. Wang et al., 2017). In contrast, deoxyhaemoglobin retains unpaired electrons,
rendering it paramagnetic; a property that is exploited in susceptibility-sensitive MRI to
differentiate venous blood from the surrounding tissue (Y. Wang et al., 2017). Over 97%
of cellular iron is stored in the ferric (Fe3+) state, predominantly as ferrihydrite within
ferritin (Y. Wang et al., 2017). This storage form, which is especially abundant in grey mat-
ter (Hallgren et al., 1958), constitutes the primary source of paramagnetic susceptibility
contrast. As such, the presence of non-haem iron enables highly accurate visualisation of
grey matter structures, such as the iron-rich basal ganglia which contain two to three times
more iron than the cortical grey matter (Haacke et al., 2005).

In contrast, myelin, calcium, and certain proteins exhibit diamagnetic properties relative
to water (Duyn, 2013; Gong et al., 2019; W. Li et al., 2012; O’Callaghan et al., 2017; Schweser
et al., 2010; Schweser et al., 2011b; Z. Zhao et al., 2021). However, it is important to note
that susceptibility in white matter is anisotropic and orientation-dependent, primarily due
to the presence of myelin, whereby the layered, lipid-rich structure results in a magnetic
susceptibility dependent on the angle relative to B0 (Duyn, 2013; W. Li et al., 2012). Air
also has paramagnetic properties owing to the presence of molecular oxygen which can
induce susceptibility artefacts on MRI that are particularly strong at air-tissue interfaces
(Azhar et al., 2023).

The variations in χ induced by tissue constituents create local magnetic field perturb-
ations that lead to inhomogeneities in the phase maps of GRE sequences (De Rochefort
et al., 2010; Deistung et al., 2017; Langkammer et al., 2015; Marques et al., 2005) and
modulate the T∗

2 signal decay (Y. Wang et al., 2015). Historically regarded as a source of
artefact and discarded (Deistung et al., 2017), these variations can now be exploited to
generate contrast that reflects underlying biological components and cellular architecture
of tissue (C. Liu et al., 2015b; Y. Wang et al., 2015). This information can be leveraged
as an indirect marker of dysregulated iron metabolism, the presence of calcifications (hy-
droxyapatite crystals), myelin pathology, and proteinopathy; for example, in mTBI (Gozt
et al., 2021a; Huang et al., 2021; Lu et al., 2015; Nisenbaum et al., 2014; Raz et al., 2011).
However, the specificity and nature (qualitative versus quantitative) of the final output are
determined by the post-processing technique employed. Below, two different approaches
to post-processing of magnitude and phase images derived from the complex signal of
T∗

2 -weighted GRE acquisitions (see Fig. 3.4) are explored.
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3.3 susceptibility-weighted imaging

Figure 3.4: Magnitude and phase images

Magnitude (A.) and raw, unwrapped phase (B.) images from a T∗
2 -weighted GRE acquisition.

3.3 susceptibility-weighted imaging

SWI (Haacke et al., 2004) is a high-resolution venographic technique that leverages spin
dephasing and frequency shifts induced by various paramagnetic and diamagnetic sources
of susceptibility, and the resultant T∗

2 signal loss, to enhance image contrast (Haller et al.,
2021; Y. Wang et al., 2015). Magnitude and phase images are typically derived from com-
plex data acquired using a T∗

2 -weighted 3D GRE sequence with long TEs. The phase data
are then filtered, usually with a homodyne high-pass (HP) filter, and transformed into
a phase mask with amplitude normalised between 0 and 1. This mask is multiplied, of-
ten repeatedly, with the corresponding magnitude image, thereby enhancing phase-based
contrast and accentuating paramagnetic susceptibility effects (e.g., deoxyhaemoglobin in
venous structures, haemosiderin in microbleeds, iron sequestered in ferritin) as well as
diamagnetic features, such as calcium and white matter (Duyn, 2013; Haller et al., 2021).
A minimum intensity projection (mIP) across multiple sections can then be applied to fur-
ther improve the conspicuity of venous structures and other susceptibility-related features
(Haller et al., 2021).

SWI has been in clinical use for more than two decades (Haller et al., 2021) and has found
utility in a range of diagnostic applications both inside and outside of the brain, including
stroke (Elnekeidy et al., 2014; Luo et al., 2015), TBI (Spitz et al., 2013), PD (Schmidt et
al., 2017), cerebral amyloid angiopathy (Haacke et al., 2007), siderotic nodules in cirrhotic
liver (Dai et al., 2011), prostate cancer and prostatic calcification (Bai et al., 2013), and
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spinal cord injury (M. Wang et al., 2011). Despite the broad range of applications, however,
SWI remains a qualitative technique, and paramagnetic and diamagnetic susceptibility
sources often appear hypointense on SWI and SWI-like images due to the convoluting
effect of the dipole fields, rendering differentiation unreliable (i.e., between a calcification
and a haemorrhage) (Haller et al., 2021; C. Liu et al., 2015a; Schweser et al., 2010). These
limitations, along with the potential for blooming artefacts that can over represent the
spatial extent of susceptibility sources, and the inability of SWI to resolve the non-local
nature of phase variations (Schäfer et al., 2009; Yablonskiy et al., 1994), prompted the
development of QSM (C. Liu et al., 2015a).

3.4 quantitative susceptibility mapping

The measured magnetic field results from the cumulative contributions of all susceptibility
sources, thus the phase does not represent the local magnetic properties of isolated voxels.
Instead, each voxel is a weighted sum of the susceptibilities from surrounding tissues (Y.
Wang et al., 2015) (see Fig. 3.7A). Estimation of local magnetic susceptibility necessitates
deconvolving the magnetic field to extract the local tissue magnetic properties; a process
termed QSM (see Fig. 3.6).

Early attempts to measure the magnetic field perturbations generated by arbitrary bulk
susceptibility distributions laid the groundwork for the development of QSM (Koch et al.,
2006; Marques et al., 2005; Salomir et al., 2003). This post-processing technique derives
scalar maps from GRE phase data to represent the spatial distribution and relative con-
centrations of paramagnetic and diamagnetic substances in tissue (Deistung et al., 2017;
C. Liu et al., 2015a). Through a process of dipole inversion to recover the susceptibility dis-
tribution, voxel-wise numerical values of susceptibility are generated which provide both
the magnitude and sign (positive or negative) of the magnetic susceptibility and are gen-
erally quantified in ppm. In QSM positive values indicate paramagnetism (iron-related),
whereas a negative values indicate diamagnetism (myelin-, calcium-, and protein-related).
Thus, QSM overcomes the non-quantitative nature and lack of specificity associated with
SWI (Reichenbach, 2012) (see Fig. 3.5). However, there are inherent challenges associated
with dipole inversion to generate QSM, which are discussed below.

3.4.1 The ill-posed inverse problem in QSM

One of the primary challenges in QSM arises from the ill-posed nature of its inverse prob-
lem, or deconvolving the measured tissue field, ∆Bt, with the dipole kernel (Bilgic et al.,
2024; L. Li et al., 2004; C. Liu et al., 2015b). Each voxel contributes a magnetic field that
extends beyond its own voxel; as such, the local magnetic field experienced by any given
voxel is a superposition of the dipole fields of surrounding voxels (see Fig. 3.7.1A) (C. Liu
et al., 2015a; C. Liu et al., 2015b). Since the superposition of the magnetic field is linear
and the dipole field of a unit dipole is shift-invariant (does not change from one voxel
to another), the relationship between the susceptibility distribution (proportional to mag-
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Figure 3.5: Comparative specificity of T∗
2 -weighted imaging and post-processing techniques

This figure depicts a comparison of the appearance of calcified and active lesions in neurocysticercosis for T∗
2 -weighted magnitude, filtered phase, SWI and QSM

images. The ability of QSM to differentiate an active lesion with a positive susceptibility (red arrow) and calcified lesions with negative susceptibilities (yellow

arrows) is exemplified. Figure reproduced from Y. Wang et al. (2015) under the terms of an Creative Commons Attribution license.

netisation) and the measured frequency distribution (proportional to local magnetic field)
can be expressed as a convolution of neighbouring susceptibility values with the dipole
response function (C. Liu et al., 2015a; Vinayagamani et al., 2021; Y. Wang et al., 2015). This
convolution can be performed as a relatively straightforward point-wise multiplication in
the Fourier domain (k-space):

∆Bz(k) = B0

(
1
3
− k2

z
k2

x + k2
y + k2

z

)
χ(k) (3.8)

where k = (kx, ky, kz) is the k-space vector, and kz its z-component; B0 is the main mag-
netic field oriented along the z-axis; ∆Bz(k) is the Fourier transform of the z-component
of the magnetic field perturbation, and; χ(k) is the Fourier transform of the unknown sus-
ceptibility distribution. QSM attempts to invert this Fourier-domain equation to retrieve
and quantify the underlying susceptibility (C. Liu et al., 2015b, 2015a; Salomir et al., 2003);
see Fig. 3.6.

Although this inversion resolves the non-local property of phase data, challenges remain
due to noise susceptibility in ∆Bz and the inherent ill-posedness of the dipole kernel (C.
Liu et al., 2015b). The dipole exhibits zero-crossings along a double cone surface at the
magic angle (54.7°) relative to the B0 z-axis in the Fourier domain (De Rochefort et al.,
2008; Haacke et al., 2005; C. Liu et al., 2015b; T. Liu et al., 2009; Y. Wang et al., 2015). As
such, the kernel exhibits zero-crossings at k2

z
k2 = 1

3 (or k2 = 3 k2
z). This defines a conical

surface in k-space on which the coefficient becomes zero (see Fig. 3.7.1B), rendering χ(k)
indeterminate and leading to instability, noise amplification, and a loss of information in
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certain directions (C. Liu et al., 2015b, 2015a). This can manifest as streaking artefacts and
spurious voxel values in the final susceptibility map (L. Zhou et al., 2017).

Figure 3.6: The inverse problem in QSM
This schematic shows how the magnetic susceptibility distribution (left image) perturbs the magnetic field (centre image) and leads to wrapped phase images (right).

The inverse problem, or quantifying the magnetic susceptibility from the measured phase, is indicated with dashed arrows. Figure reused with permission from

Schweser et al. (2016).

Figure 3.7: The ill-posed nature of the dipole kernel
A. Shows a sagittal MRI slice overlaid with dipole field lines, illustrating the non-local nature of the dipole field where each voxel’s magnetisation extends beyond

its own boundaries. The superposition of these fields is a convolution in the image domain that can be expressed as a simple multiplication in k-space relating field

and susceptibility. B. This inverse problem is ill-posed because the dipole kernel vanishes on a double-cone surface in k-space when k2 = 3 k2
z (the “magic angle"). C.

The unit dipole response is simulated in k-space, with red arrows highlighting the conical region of small absolute values. D. Shows the corresponding illustration

of the dipole field and magic angle in real space, alongside a simulation of the dipole response in the spatial domain (E.). Figures in panel A. and B. reused with

permission from C. Liu et al. (2015a). Figure in panel C. reused with permission from Schweser et al. (2016). Figure in panels D. and E. reused with permission from

Harada et al. (2022).

As a result, directly performing this inversion is impossible without additional con-
straints and regularisation techniques to mitigate artefacts and enhance robustness. These
include coil combination, phase unwrapping, combining multi-echo data (where applic-
able), masking, background field removal, and, finally, regularised dipole inversion (see
Bilgic et al., 2024). Each step is critical for accurate deconvolution and estimation of tissue
magnetic susceptibility; the central considerations are briefly reviewed below.
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3.4.2 Phase unwrapping

In MRI the phase is wrapped every 2π radians, meaning that any signal exceeding the
range −π and π is folded back, which can introduce aliasing artefacts that distort the true
phase information (C. Liu et al., 2015a). Here, phase unwrapping is essential to retrieve
the actual phase from the measured phase (W. Li et al., 2011). Common approaches in-
clude spatial unwrapping algorithms such as path-based Rapid Open-source Minimum
spanning trEe algOrithm (ROMEO) (Dymerska et al., 2021), region-based Phase Region
Expanding Labeler for Unwrapping Discrete Estimates (PRELUDE) (Jenkinson, 2003),
Speedy rEgion-Growing Algorithm for Unwrapping Estimated Phase (SEGUE) (Karsa et
al., 2019b), and Seed Prioritized UNwrapping SPUN (Ye et al., 2019), and Laplacian un-
wrapping (Schofield et al., 2003), as well as temporal unwrapping for multi-echo acquisi-
tions (Feng et al., 2013; Robinson et al., 2014).

3.4.3 Background field removal

Accurate dipole inversion depends on the effective removal of background fields. The
measured field map, ∆B0, not only contains contributions from brain tissue but also in-
cludes external sources, such as air-tissue interfaces and hardware imperfections, that
must be eliminated to ensure that only brain susceptibility effects are inverted, enhan-
cing the fidelity of dipole inversion (Bilgic et al., 2024). This background field removal is
typically performed through an iterative masking process using a brain mask generated
from the skull-stripped corresponding GRE magnitude image. Skull-stripping is typically
performed using the Brain Extraction Tool (BET) (S. M. Smith, 2002) from the FMRIB Soft-
ware Library (FSL) (Jenkinson et al., 2012; S. M. Smith et al., 2004; Woolrich et al., 2009)
to remove non-brain tissues, air, and skull from the magnitude images. The mask is then
used to suppresses unwanted field components outside of the mask boundaries (Bilgic
et al., 2024). Several popular methods exist, including Projection onto Dipole Fields (PDF)
(T. Liu et al., 2011a), Sophisticated Harmonic Artifact Reduction for Phase data (SHARP)
(Schweser et al., 2011b) and its variants, and the Laplacian Boundary Value (LBV) method
(D. Zhou et al., 2014). This removal of background field from the total field enables dipole
inversion to be constrained to susceptibility variations induced by brain tissue only (Bilgic
et al., 2024).

3.4.4 Dipole inversion and regularisation

Dipole inversion is the final step in sequential QSM reconstruction algorithms, and gen-
erates a susceptibility map from a local tissue field map after background field removal.
To overcome the ill-posed nature of dipole inversion, regularisation techniques, typically
incorporating priors such as smoothness or sparsity, are employed during dipole inver-
sion to obtain a stable and physically meaningful solution (Y. Wang et al., 2015). The
application of regularisation algorithms to approximate solutions for ill-posed problems is
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well-established (Tikhonov et al., 1995). These algorithms enable close (though not exact)
approximations of the susceptibility source and distribution during dipole inversion.

Differences in these approaches involve imposing constraints on the susceptibility gradi-
ents, either promoting sparsity through traditional ℓ1 norm-based penalisation (least ab-
solute error) or Total Variation (TV) regularisation, or promoting smoothness through the
penalisation of large coefficients via Tikhonov/ℓ2 norm (least squares error) regularisa-
tion, or a combination of the two (Bilgic et al., 2014; Milovic et al., 2022; Tikhonov et al.,
1995). Smoothing can also be achieved by applying ℓ1 penalisation to higher-order deriv-
atives rather than only to the first-order gradient domain. For example, Total Generalised
Variation TGV (Langkammer et al., 2015) applies ℓ1 penalisation to both the first-order
and higher-order derivatives. This smoothness-promoting method seeks to extend clas-
sical TV methods to balance edge-preservation with smoothing in an effort to eliminate
staircasing artefacts that can occur with sparsity-only methods (Langkammer et al., 2015).
While smoothness-promoting methods can perform well, sparsity-based ℓ1 methods are
considered more effective at producing high-quality images (Bilgic et al., 2014; Bilgic et al.,
2024). Popular sparsity-based regularisation methods include TV, Morphology Enabled
Dipole Inversion (MEDI) (J. Liu et al., 2012; T. Liu et al., 2011b; T. Liu et al., 2012b) and
Rapid Two-Step Dipole Inversion (RTS) (Kames et al., 2018), which use ℓ1 norm regular-
isation to produce stable, physically meaningful solutions and enhance edge preservation.
The output from this final step is tissue magnetic susceptibility, quantified relative to a
specific reference value.

3.4.5 Reference selection

Since QSM provides susceptibility values that are inherently relative rather than absolute,
selecting a consistent reference region is crucial for robust comparisons across measure-
ments, subjects, and scanners (Bilgic et al., 2024). Whilst the optimal reference region for
susceptibility estimation remains debated, with each option necessitating different trade-
offs in accuracy and stability (see Straub et al. 2017a), consensus guidelines recommend
quantifying QSM relative to a defined reference region or structure (Bilgic et al., 2024).
Larger reference regions, such as the whole brain, are preferred as smaller regions can
be more vulnerable to artefacts, distortions, and field inhomogeneities which can affect
the final map. This is particularly important when assessing certain pathologies whereby
the presence of local lesions may affect accurate referencing. While this is less frequently
encountered in mTBI, larger reference regions nonetheless produce maps that are stable,
reproducible, and clinically meaningful (Bilgic et al., 2024).

3.5 methods to address bulk magnetic susceptibility and anisotropy

The presence of orientation-dependent and anisotropic myelin remains a challenge in tradi-
tional QSM (Denk et al., 2011; C. Liu et al., 2015b). In addition, various substrates of differ-
ing magnetic susceptibility sign within a single voxel may also inhibit the reliable quantific-
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ation of QSM (Langkammer et al., 2012). To address these limitations, advanced techniques
such as acquiring data at multiple orientations, tensor fitting, intra-voxel source separation
methods for multi-echo data, and more rudimentary post-processing techniques for inter-
voxel thresholding of single-echo data, have been developed and are discussed below.

3.5.1 Magnetic source separation

Each individual voxel is an ensemble of different molecules and may thus contain contri-
butions from both paramagnetic and diamagnetic sources (C. Liu et al., 2015b), however,
QSM represents the bulk magnetic susceptibility of each voxel (Reichenbach, 2012). This
presents several challenges for quantitative MRI and the validation of results. Firstly, the
relative magnetic susceptibility of these tissue compounds is not equivalent. Iron exhibits a
strong paramagnetic response, whereas most diamagnetic components produce comparat-
ively weaker signals (Ravanfar et al., 2021). Secondly, discrete brain regions are composed
of a heterogeneous array of neural substrates. To provide a simplified example; the deep
grey matter nuclei, despite their high iron concentrations, also contain some myelinated
axons (Branson, 2013; Hametner et al., 2018). The cerebral cortex, on the other hand, is
characterised by a complex laminar structure within which contributions from both iron
and myelin vary (Möller et al., 2019; Stüber et al., 2014; Sui et al., 2022). Because each voxel
represents the average susceptibility of all underlying sources, dominant signals can over-
shadow weaker, opposing contributions within a voxel, while the latter simultaneously
dilutes the stronger signal (J. Chen et al., 2021). This has been demonstrated in AD where
diamagnetic Aβ changes sign on QSM due to paramagnetic iron accumulating around the
plaque (Telling et al., 2017; Tuzzi et al., 2020). Thirdly, when magnetic susceptibility is es-
timated within a given ROI, the typical practice of inter-voxel averaging to obtain regional
mean susceptibility further masks the contributions of individual tissue elements, reducing
specificity. In isolation, each of these factors can result in a less robust characterisation of
the ground truth magnetic susceptibility; in combination, the effect is manifold.

3.5.1.1 Intra-voxel magnetic source separation

Multi-echo GRE (MEGRE) sequences can address both the problem of intra- and inter-
voxel susceptibility averaging via magnetic source separation (see Ahmed et al., 2023; J.
Chen et al., 2021; Dimov et al., 2022; Emmerich et al., 2021; J. Lee et al., 2024; Z. Li et al.,
2023; Shin et al., 2021; Zhu et al., 2024). Using a multitude of different approaches, these
new methods essentially compartmentalise the bulk susceptibility into sub-voxel sign-wise
components, yielding separate maps (J. Lee et al., 2024).

These techniques have been applied to characterise the heterogeneity of iron accumula-
tion/iron loss and demyelination/remyelination in relapsing and remitting MS (Zhu et al.,
2024) as well as the paramagnetic rim and demyelinated lesion core in the same condi-
tion (Dimov et al., 2022). The diamagnetic component has also demonstrated potential for
identifying susceptibility-specific protein aggregation and demyelination in AD relative to
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traditional QSM (Ahmed et al., 2023). However, these methods cannot fully resolve the
orientation-dependent, anisotropic nature of white matter fibers (Shin et al., 2021).

Figure 3.8: Magnetic source separation using χ-separation
This figure depicts the positive (A.) and negative (B.) maps yielded via application of χ-separation to QSM reconstructed from multi-echo data. These distinct maps

illustrate the ability of magnetic source separation methods to isolate the well-characterised iron distributions in the deep grey matter (yellow arrows) and myelin in

the white matter (green arrows = optic ratiation; blue arrows = forceps major). Susceptibility is measured in ppm. Figure reproduced from Shin et al. (2021) under

the terms of the Creative Commons CC BY-NC-ND license.

3.5.1.2 Inter-voxel thresholding

While intra-voxel susceptibility source separation necessitates the acquisition of multi-echo
data, a more rudimentary inter-voxel thresholding approach can be applied with single-
echo data. This approach isolates voxels of net negative susceptibility from voxels of net
positive susceptibility, i.e., thresholding above and below zero, thereby producing two
separate maps of dominant voxel-wise sign. Thresholding single-echo QSM maps, where
intra-voxel magnetic source separation is inhibited, may address some confounds related
to inter-voxel averaging, providing a cleaner estimation of dominant ROI-wise susceptibility
values during analysis. This may enable biologically informative data to be captured that
would otherwise be lost. Inter-voxel thresholding has been applied to investigations of
AD (Merenstein et al., 2024) and healthy ageing (Merenstein et al., 2025) with meaningful
results.
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Figure 3.9: Inter-voxel thresholding of QSM
This figure depicts QSM thresholded for inter-voxel net susceptibility sign above (A. QSM+) and below (B. QSM-) zero. Negative maps were multiplied by -1 to aid

visualisation. Images are shown in coronal (C), axial (A), sagittal (S) planes. Susceptibility is measured in ppm.

3.5.2 Single- vs multiple-orientation methods

Most QSM reconstructions and algorithms are based on single-orientation data. These
methods assume that all frequency shifts in MRI phase images are solely due to bulk mag-
netic susceptibility variations within tissues (Marques et al., 2021). While this assumption
simplifies the inversion process, it can overlook other contributing factors to the magnetic
field distribution, such as anisotropic effects, which may compromise accuracy for specific
biological substrates and, by extension, certain brain regions such as the white matter (J.
Lee et al., 2010).

Susceptibility tensor imaging (STI), a method analogous to DTI, models magnetic sus-
ceptibility as a symmetric rank-2 tensor (i.e., a 3 × 3 matrix) (W. Li et al., 2017; C. Liu, 2010).
STI enables mapping of anisotropic white matter fibre orientations and characterisation of
myelin-related susceptibility anisotropy by explicitly quantifying individual magnetic sus-
ceptibility tensor elements, as well as deriving scalar metrics such as the mean magnetic
susceptibility and magnetic susceptibility anisotropy (W. Li et al., 2017).
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Multiple-orientation techniques (e.g., Calculation of Susceptibility Through Multiple Ori-
entation Sampling [COSMOS]) (T. Liu et al., 2009) combine data from images acquired at
multiple angles relative to B0, rotating the dipole kernel and its ill-defined surfaces at each
orientation. This approach enables the entirety of k-space to be sampled (C. Liu et al.,
2015b).

However, both approaches involve rotating the patients’ head to several different ori-
entations (typically ∼5-6), leading to significantly increased total acquisition times (∼40
minutes) that are not typically feasible in clinical or research settings. In lieu of these time-
intensive and participant-burdening approaches, optimisation of the previously described
processing steps and adherence to best-practice guidelines (Bilgic et al., 2024) can improve
susceptibility source localisation and significantly reduce artefacts (see Chapter 4).

3.5.3 Standardisation

Standardisation of QSM is paramount as variations in scanner hardware, acquisition para-
meters, and reconstruction algorithms can affect the measurement of susceptibility values
(Bilgic et al., 2021; Langkammer et al., 2018). These issues underscore the need to apply
consensus-based protocols to enhance clinical use, the reliability of research findings, and
to facilitate cross-study comparisons. Thus, the identification and adoption of best-practice
methods is also increasingly essential in this context (Bilgic et al., 2024).

3.6 validation

QSM has been validated as a robust marker of iron content via in vivo and ex vivo studies.
For example, an ultrahigh-field in vivo imaging study has demonstrated both the sensit-
ivity of QSM to iron content and its ability to delineate anatomical structures congruent
with anatomical atlases derived from post-mortem histology (Deistung et al., 2013a). In
this study, the same level of anatomical precision was largely absent from magnitude, fre-
quency, and R∗

2 maps (which reflects the degree of magnetic field inhomogeneity induced
by intra-voxel spin dephasing). Post-mortem analyses have demonstrated a strong correla-
tion between bulk magnetic susceptibility measured by QSM and chemically-determined
iron concentrations via inductively coupled plasma mass spectrometry (Langkammer et
al., 2012). This study confirmed non-haem ferritin as the primary iron storage form in
grey matter and the dominant source of positive susceptibility on QSM. A recent ex vivo
study comparing QSM to Perls iron-stained histological samples as a reference reported a
100% positive predictive value for detecting the paramagnetic, iron-laden rim in chronic
active MS lesions; far exceeding the 63% predictive value reported for HP filtered phase
images (Gillen et al., 2025). In addition, an ultrahigh-field investigation identified strong
agreement between in vivo QSM and Perls stained histological samples for identification
of iron-related nigral pathology in PD (Lewis et al., 2018). Here, QSM showed stronger
associations with iron than did R∗

2 .
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Beyond iron, ultrahigh-field QSM of ex vivo, in situ human brain samples, despite
orientation-dependent anisotropy, has demonstrated negative correlations between mag-
netic susceptibility and Luxol fast blue (myelin) intensities in subsequent histology (Hamet-
ner et al., 2018). In this study, myelin intensities in the thalamus were higher than those
in the basal ganglia. Supporting these findings, investigations using both in vivo and ex
vivo murine models have identified significant reductions in magnetic susceptibility in
the striatum and thalamus relative to the cortical and hippocampal grey matter regions
(O’Callaghan et al., 2017). This study concluded that the presence of diamagnetic myelin
reduces susceptibility values quantified by QSM (O’Callaghan et al., 2017).

While the prevailing consensus is that iron and myelin are the primary contributors to
paramagnetic and diamagnetic susceptibility, respectively (C. Liu et al., 2015b), QSM for
the identification of proteins and calcifications has also been investigated. In vivo studies
have demonstrate the performance of QSM relative to GRE phase imaging in distinguish-
ing intracranial haemorrhage from calcification confirmed via CT (W. Chen et al., 2014b).
Averaged across reports from two independent neuroradiologist examiners, QSM achieved
89.5% sensitivity and 94.5% specificity for haemorrhage, and 80% sensitivity and 93.5%
specificity for calcification; all higher than sensitivity and specificity achieved with GRE
phase.

In addition, a multi-modal in vivo and ex vivo investigation inclusive of QSM has demon-
strated its sensitivity to low and intermediate tau burdens in AD (O’Callaghan et al., 2017).
This finding has been reinforced by a similar study, which identified not only the diamag-
netic nature of tau but also ofAβ (Gong et al., 2019). Here, Aβ and tau diamagnetism was
first confirmed via phantom. Following confirmation, a transgenic murine model of AD
was utilised to track longitudinal Aβ accumulation in vivo with high fidelity. Subsequent
ex vivo examinations indicated that the contrast induced by Aβ extended to visualisation
of individual Aβ plaques, in addition to confirming high spatial correspondence between
in vivo and ex vivo QSM for Aβ localisation. Here, the authors noted that co-localisation of
paramagnetic iron with diamagnetic substances, particularly weakly diamagnetic proteins,
could reduce contrast and affect accurate quantification of tissue constituents. Finally, an
ex vivo study conducted by Z. Zhao et al. (2021) found that both Aβ and tau exhibited
negative correlations with negative-signed QSM as well as traditional aggregate susceptib-
ility values. However, the associations were less consistent for positive QSM values, where
variance in the direction of relationships was observed for both tau and Aβ depending on
the sample.

Collectively, these studies demonstrate the ability of QSM to provide reliable delineation
and quantitative measures of both paramagnetic and diamagnetic tissue constituents, in-
cluding iron, myelin, calcium, tau, and Aβ. This capability has proved invaluable to invest-
igating both normal development and pathological conditions, which are reviewed below.
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3.7 applications

3.7.1 Regional brain iron and ageing

The ability of QSM to detect brain iron has rendered this post-processing technique cent-
ral to studies of normative brain ageing. A seminal histological investigation conducted
by Hallgren et al. (1958) has provided the foundation for many subsequent in vivo QSM
investigations. Hallgren et al. (1958) reported a progressive accumulation of iron across
the lifespan, spanning infancy to 100 years of age, in both cortical and subcortical grey
matter. Their findings revealed that deep grey matter regions, particularly those of the ex-
trapyramidal motor system, contained substantially higher iron concentrations (4.76–21.30
mg/100 g tissue) compared to cortical regions (2.92–5.03 mg/100 g tissue). More specific-
ally, the globus pallidus exhibited the highest regional iron content, followed by the red
nucleus, substantia nigra, putamen, dentate nucleus, caudate nucleus, and thalamus. In
the cerebral cortex, the highest iron concentrations were localised to the motor cortex,
with progressively lower concentrations in occipital, sensory, parietal, temporal, and pre-
frontal cortices. Iron in many of these brain regions demonstrated a significant relationship
with age. Here, iron content in the red nucleus and substantia nigra increased until about
20 years of age and pallidal iron until approximately 30 years of age following which it
plateaued, however, the putamen and caudate showed protracted accumulation into the
fifth and sixth decade of life. Motor and sensory cortices displayed a similar trend for age-
related increases that persisted until approximately 50 years of age, while the prefrontal
cortex plateaued at age 30.

A number of QSM-based studies have subsequently corroborated these findings. For
example, Persson et al. (2015) identified variability in the distribution of magnetic sus-
ceptibility values in deep grey matter consistent with Hallgren et al. (1958), citing the
highest values in the globus pallidus and the lowest values in the thalamus. Many other
authors have also reported considerable overlap between age-related QSM measurements
and trends described by Hallgren et al. (1958), particularly in the deep grey matter (Gong
et al., 2015; G. Li et al., 2023; Treit et al., 2021) and cortical grey matter (Acosta-Cabronero
et al., 2016). One large-scale study of 498 individuals aged five to 90 years reported steep
increases in QSM values in the caudate, putamen, and globus pallidus in childhood. In this
study, susceptibility increases plateaued at 30 years of age in the caudate, but increased
in the putamen and globus pallidus throughout adulthood (Treit et al., 2021). In addition,
a recent review of 47 investigations has highlighted the general congruence between in
vivo magnetic susceptibility values, regional tissue iron content, and relationships with
age identified by Hallgren et al. (1958) (see Madden et al., 2023). Taken together, these in-
vestigations and reviews underscore utility of QSM for accurate localisation of tissue iron
content and assessing the temporal biodynamics of brain iron in the context of normative
ageing.
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3.7.2 Neurodegeneration

Abnormal iron homeostasis has been implicated in a number of neurodegenerative dis-
eases (see Chapter 2). Investigations of disease pathogenesis have established QSM as a
useful tool for in vivo tissue characterisation. For example, several recent reviews have
noted the consistent use of QSM for identifying and localising pathology in PD and AD or
mild cognitive impairment. In addition, these reviews have highlighted its promise across a
broad spectrum of disorders, including HD, FRDA, ALS, primary latereral sclerosis, Lewy
body dementia, progressive supranuclear palsy, multiple system atrophy, neurodegener-
ation with brain iron accumulation, Wilson’s disease, and spinocerebellar ataxia, among
others (Ghaderi et al., 2024; Mohammadi et al., 2024b; Nikparast et al., 2022a; Paul et al.,
2024; Ravanfar et al., 2021; Uchida et al., 2022). Across these conditions, iron deposition
is most frequently observed within subcortical nuclei, though some studies also report
disease-dependent cortical involvement (Ravanfar et al., 2021). In investigations of AD, for
example, the putamen, caudate, and amygdala have been identified as regions of increased
susceptibility across multiple studies, whereas the substantia nigra appears to be particu-
larly implicated in PD (see Ravanfar et al., 2021). Elevated regional magnetic susceptibility
has also been correlated with the severity or duration of a number of neurodegenerative
diseases, including AD (L. Du et al., 2018), PD (G. Du et al., 2016; He et al., 2015), and
ALS (Contarino et al., 2020; J. Y. Lee et al., 2017). These associations exemplify both the
utility of QSM as an early diagnostic imaging biomarker and as a viable tool for clinical
monitoring (Paul et al., 2024).

3.7.3 Multiple sclerosis

MS is an inflammatory and demyelinating disorder of the CNS characterised not only by
white matter demyelination, grey matter lesions, and BBB impairment (Jakimovski et al.,
2024), but also by iron dyshomeostasis which is posited to play a central role in its patho-
genesis (Stüber et al., 2016; Zecca et al., 2004). Lesions in MS are typically classified by stage
(preactive, active, chronic active, and chronic inactive), based on the degree of microglial
activation and demyelination (Absinta et al., 2019; Jonkman et al., 2015; Kuhlmann et al.,
2017). Preactive lesions appear myelin-normal but display microglial clusters indicative
of an impending immune response, whereas active lesions are bordered by demyelina-
tion and myelin-phagocytosing macrophages. Chronic active lesions feature a fully demy-
elinated core with a smouldering rim of activated, iron-laden macrophages and microglia
(Absinta et al., 2019; Wisnieff et al., 2015). Finally, chronic inactive lesions show complete
demyelination with minimal immune cell presence. Pathological alterations in both iron
and myelin content within lesions (Hagemeier et al., 2018), combined with the ability of
QSM to differentiate diamagnetic from paramagnetic sources, have led to its widespread
adoption for lesion identification and monitoring of lesion stage (see, for example, Absinta
et al., 2019; W. Chen et al., 2014a; Hagemeier et al., 2018; Langkammer et al., 2013; Stüber
et al., 2016; Wisnieff et al., 2015; S. Zhang et al., 2018; Zivadinov et al., 2018b).
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3.7.4 Neurovascular disorders

Beyond its role in neurodegeneration, QSM significantly enhances diagnostic accuracy by
distinguishing hyperintense, paramagnetic haemorrhage from hypointense, diamagnetic
calcification (W. Chen et al., 2014b), as reviewed above in Validation. This capability is also
particularly valuable for detecting and tracking cerebral microbleeds (T. Liu et al., 2012a;
Subramanian et al., 2020; Q. Wu et al., 2017), monitoring recent haemorrhage in cerebral
cavernous malformations (Girard et al., 2017; Zeineddine et al., 2018), identifying cerebral
aneurysms (Nakagawa et al., 2019), and localising silent cerebral infarcts common to sickle
cell anaemia (Murdoch et al., 2022). In addition, QSM can be used to identify and track
changes in iron deposition and myelin in infarct and stroke (Han et al., 2023; Kataike et al.,
2024; Uchida et al., 2024; Yang et al., 2024).

3.7.5 Tumour

Tumours often exhibit abnormal vasculature and angiogenesis. In aggressive malignant tu-
mours, these vascular abnormalities can lead to haemorrhage, whereas in benign tumours,
apoptosis may lead to calcification (Bandt et al., 2019). These distinct pathologies, along
with their contrasting magnetic susceptibility signatures, render QSM an effective tool
for identifying tumour characteristics and tumour grading via IntraTumoural Susceptibility
Signal, exemplified in a recent case-series (Bandt et al., 2019). In addition, Deistung et al.
(2013b) have applied QSM to characterise glioblastoma and identified regions of hyperin-
tense positive susceptibility related to intratumoral blood products. Of particular interest,
three patients in this study exhibited hypointense foci of negative susceptibility related
to calcification, which was confirmed as an oligodendroglial component in subsequent
histology for one patient (Deistung et al., 2013b).

3.7.6 Venous oxygen saturation

Due to the linear relationship between magnetic susceptibility values and deoxyhaemo-
globin, QSM has been explored for estimating cerebral venous oxygen saturation (Sv02),
from which the cerebral metabolic rate of oxygen consumption and the tissue oxygen ex-
traction fraction can also be derived (Fan et al., 2014; Harada et al., 2022; Vinayagamani
et al., 2021; J. Zhang et al., 2015). Alterations in oxygen saturation are observed in a range
neurological disorders, thus assessing oxygen saturation provides valuable insight into the
underlying pathophysiological disturbances. This capability has broad implications for un-
derstanding the pathophysiology of neurodegenerative and cerebrovascular disorders. For
example, it has been applied to studies of hypercapnia (Fan et al., 2015a), steno-occlusive
cerebrovascular disorders (Kudo et al., 2016; Uwano et al., 2015), ischaemic stroke (Probst
et al., 2021), cerebral hyperperfusion following carotid endarterectomy (Nomura et al.,
2017), arteriovenous malformations (Biondetti et al., 2019), systemic lupus erythematosis
(Miyata et al., 2019), AD (Y. Liu et al., 2021), and MS (Fan et al., 2015b).
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3.7.7 Image-guided procedures

Due to its high contrast-to-noise ratio, QSM has also been used to facilitate precise elec-
trode placement for deep brain stimulation (DBS), where accurate anatomical localisation
is crucial for treatment efficacy and safety (Bandt et al., 2019; W. Chen et al., 2014b; Harada
et al., 2022; Vinayagamani et al., 2021). Here, QSM has been applied to presurgical plan-
ning for DBS of the subthalamic nucleus (Dimov et al., 2019; T. Liu et al., 2013; Rasouli
et al., 2018), globus pallidus internus (Wei et al., 2020), and centromedian thalamic nucleus
(J. Li et al., 2020).

3.7.8 Extra-cerebral QSM

Although QSM has been most extensively applied to intra-cerebral investigations, its use
for body imaging is an active area of research. While several factors can confound the
accurate characterisation of susceptibility maps, such as respiratory motion, cardiac pulsa-
tion, and the high susceptibility of fat, a number of mitigation strategies have emerged for
body-compatible QSM where necessary. These include breath holds, adjustments to TR,
flow compensation, and water/fat separation via multi-echo acquisitions (see Dimov et al.,
2023). The applications of QSM in the body extend to imaging the liver and hepatic iron
load (Jafari et al., 2021; Jafari et al., 2019; J. Li et al., 2018; Qu et al., 2021; Sharma et al., 2017;
Sharma et al., 2015; Tipirneni-Sajja et al., 2021; R. Zhao et al., 2023), cardiac performance
via blood oxygenation differentials between the left and right ventricles (Wen et al., 2019),
imaging atherosclerotic plaques (Azuma et al., 2020; Ikebe et al., 2020; Ruetten et al., 2020;
C. Wang et al., 2020), osteoporosis in menopause (Guo et al., 2019), calcifications in both
the prostate (Kan et al., 2022; Straub et al., 2017b) and breast tissue (Schweser et al., 2011a),
as well as renal fibrosis (Bechler et al., 2021).

3.8 qsm in mtbi

Chapter 2 demonstrated that cellular components including iron, myelin, calcium, and
proteins, are vulnerable to injury-related disruption in mTBI (Daglas et al., 2018; Giza
et al., 2014; Gozt et al., 2021a; Nisenbaum et al., 2014). In the present chapter, the mag-
netic properties of these tissue elements were examined alongside an evaluation of QSM
for localising and quantifying their spatial distribution within neural tissue. Collectively,
these chapters converge to emphasise the value of QSM for elucidating the microstructural
pathophysiology associated with mTBI, thereby addressing the question, “why use QSM to
study mTBI?"

Despite its wide-ranging applications, the use of QSM to investigate mTBI micropath-
ology remains relatively limited. To date, only a small number of studies have employed
QSM to quantify magnetic susceptibility within white matter and/or grey matter (Bell
et al., 2024; Brett et al., 2021; Gong et al., 2018; Koch et al., 2018; Koch et al., 2021; Pinky
et al., 2022; Weber et al., 2018; Wright et al., 2022; Zivadinov et al., 2018a) or as a marker of
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Sv02 (Chai et al., 2017; To et al., 2024; Wright et al., 2022). Studies pertaining directly to the
focus of this thesis, namely the disruption of grey matter constituents, further constrains
the number of relevant investigations.

A broad continuum of mTBI-related traumatic insults have been assessed across the
seven studies investigating susceptibility-based grey matter alterations. To this end, a vari-
ety of research designs have been leveraged. Longitudinal studies have attempted to elu-
cidate the cumulative effect of sub-concussive events over a football season (Gong et al.,
2018) and track tissue disruption from the acute to the chronic injury phase (Koch et al.,
2018). Cross-sectional designs have explored both acute (Koch et al., 2021; Pinky et al., 2022;
Wright et al., 2022) and chronic injury profiles (Pinky et al., 2022; Zivadinov et al., 2018a),
in addition to investigating susceptibility profiles in chronic persistent post-concussion
syndrome (Bell et al., 2024) (see Table 3.9).

3.8.1 Gaps in the literature and insufficient anatomical specificity

Despite the diversity in study design, the extant literature has focused almost exclusively
on susceptibility differences in deep grey nuclei as a proxy for injury effects and cellular dy-
shomeostasis. Most analyses are limited to total deep grey matter (Koch et al., 2021; Wright
et al., 2022), basal ganglia segmentations (Bell et al., 2024; Gong et al., 2018; Pinky et al.,
2022), or a combination of the two (Koch et al., 2018; Zivadinov et al., 2018a). Where seg-
mentations have been employed, the analyses are typically confined to major subcortical
structures such as the caudate, putamen, thalamus, and globus pallidus (see Table 3.9).

The rationale for focusing on these subcortical regions is the abundance of iron relative
to other grey matter structures (Hallgren et al., 1958) which supports the high metabolic
demand related to signal processing (Gozt et al., 2021a). Dense concentrations of iron are
particularly noteworthy in the globus pallidus, red nucleus, substantia nigra, putamen,
caudate, and thalamus (Hallgren et al., 1958) and may predispose these regions to iron-
mediated disorders (Haacke et al., 2005). Additional vulnerability to shear and strain dam-
age in mTBI (Raz et al., 2011) due to axons originating from, terminating in, or intersecting
with these nuclei (Gozt et al., 2021a; Lifshitz et al., 2007; Ropper et al., 2007), for example
thalamo-cortical projections (Shaw, 2002), may further increase the risk of iron-driven sec-
ondary injury. The high regional iron load confers the added benefit of enhanced contrast
on QSM; it is thus hardly surprising that studies have limited their focus.

Nonetheless, the net result has been in an incomplete characterisation of other poten-
tially vulnerable grey matter regions; a gap in the literature that has not escaped the notice
of a recent review (see Gozt et al., 2021a). The cerebral cortex and hippocampus, for ex-
ample, are prone to mechanical strain, excitotoxicity (including iron dyshomeostasis), and
impact with the skull base (Arciniega et al., 2024; Bakhtiarydavijani et al., 2021; Bigler,
2007; Bigler et al., 2002; Bigler et al., 2012; Bouras et al., 1997; Ghajari et al., 2017; Kornguth
et al., 2017; Mckee et al., 2015; McKee et al., 2023) yet remain under-researched in this
context. To date, only three studies have extended their analyses to include additional sub-
cortical structures, select cortical regions, or the cerebellar grey matter (Gong et al., 2018;
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Pinky et al., 2022; Zivadinov et al., 2018a). Even these more comprehensive examinations
have lacked the anatomical specificity needed to identify distinct structural and functional
subregions that may be differentially affected by mTBI.

For example, while some studies have included structures such as the amygdala, hippo-
campus, and nucleus accumbens (Pinky et al., 2022; Zivadinov et al., 2018a), other deep
nuclei of potential interest have nonetheless been overlooked. In addition, the treatment
of the hippocampus as a single ROI has neglected the distinct characteristics of its sub-
fields. Given the hippocampus’ vulnerability to injury (Arciniega et al., 2024; Geddes et
al., 2003), inflammatory processes, impaired LTP (Sick et al., 1998; White et al., 2017), and
increased expression of APP (Wilde et al., 2007), such oversimplification may mask patho-
logy. This issue is particularly salient given the high expression of TfR1 on the apical
BBB endothelium in the hippocampi (Rouault, 2013), which may exacerbate abnormal iron
transport across this barrier following injury. Indeed, both in vivo SWI (Lu et al., 2015) and
histological analyses (Bouras et al., 1997) have identified hippocampal iron accumulation
after mTBI. In addition, temporal regions, including the hippocampus, also exhibit region-
specific atrophy and tau hyperphosphorylation in CTE (Bieniek et al., 2021; Cherry et al.,
2021; McKee et al., 2023), which may be related to iron dyshomeostasis (Bouras et al., 1997;
Nisenbaum et al., 2014; Yamamoto et al., 2002). Macroscopic methods may thus be unable
to capture subtle hippocampal pathologies at the acute injury stage.

Pathological changes in these deep brain structures responsible for motor control (Ca-
labresi et al., 2014; Lanciego et al., 2012), emotional regulation (Pessoa, 2017), learning
(Seger, 2006), and memory (Bird et al., 2008), may also drive the heterogeneity of mTBI
symptomatology. Alterations to the hippocampus, a crucial memory hub (Raslau et al.,
2015), may underlie the cognitive deficits seen in mTBI (Mckee et al., 2015). Similarly, iron
overload in the substantia nigra has been linked to significant cognitive impairment post-
mTBI (Lu et al., 2015), but has yet to be explored using QSM. The convergent evidence
indicates that more comprehensive assessments of the subcortical nuclei are warranted.

The limitations of the current literature also extent to the cerebral cortex; the two QSM-
mTBI studies to include cortical grey matter ROIs were either constrained by a macroscopic
voxel-wise approach (Gong et al., 2018), or limited to gross segmentations of a small num-
ber of cortical ROIs (Pinky et al., 2022). To date, no studies have accounted for cortical
morphology, despite the cortex’s convoluted structure characterised by ridges (gyri) and
grooves (sulci) and a complex laminar architecture, both of which render it particularly vul-
nerable to mTBI-related damage. The base (fundus) of the sulci, for example, are exposed
to the greatest mechanical force during mTBI, including shear stress (Bakhtiarydavijani
et al., 2021; Ghajari et al., 2017) and movement of non-compressible cerebrospinal fluid
(CSF) in a phenomenon referred to as the “water hammer effect" (Kornguth et al., 2017).
The sulcal fundus is also a primary loci of degeneration and perivascular tauopathy in
CTE (McKee et al., 2023; D. H. Smith et al., 2013) which may be linked to abnormal iron
accumulation (Bouras et al., 1997; Osterman et al., 2025). Specific depths of the cortical
laminae also appear to accumulate iron in a topographically heterogeneous in both ageing
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(Merenstein et al., 2023; Northall et al., 2023) and AD (Merenstein et al., 2024). Similar
effects are also evident for cortical myelin content across the lifespan (Sui et al., 2022).

This susceptibility of the cortex to injury and degeneration coupled with the role of
iron in secondary injury cascades (Gozt et al., 2021a; Huang et al., 2021; Lu et al., 2015;
Nisenbaum et al., 2014; Raz et al., 2011) and evidence of intracortical demyelination after
mTBI (Mahoney et al., 2022) exemplifies the need for for analyses sensitive to cortical
architectonics. Taken together, the prevailing lack of anatomical specificity constitutes a
critical oversight in the current QSM-mTBI literature; a gap this thesis aims to address.

3.8.2 Null findings are a pervasive feature of existing research: reasons and limitations

The insufficient anatomical specificity of existing studies may explain why most QSM-
based investigations have failed to detect significant grey matter susceptibility changes
in mTBI (see Table 3.9). In fact, only two studies have reported significant findings in
grey matter: a single instance of decreased susceptibility in the total grey matter sub-
compartments (Koch et al., 2021), and a finding of increased susceptibility in the cere-
bellum (Pinky et al., 2022), constituting the only investigation of this structure to date.

Selection of control groups may further confound the literature. Most studies have used
either healthy sport-matched athlete controls (Koch et al., 2018; Koch et al., 2021; Pinky et
al., 2022; Wright et al., 2022) or non-contact sport athlete controls (Zivadinov et al., 2018a)
(see Table 3.9). However, athletes are likely to have experienced sub-concussive events or
multiple mTBI episodes in their sporting career, which could independently alter suscept-
ibility measures and compromise the reliability of between-group comparisons. Similarly,
using pre-season assessments as an internal baseline, particularly in adolescent cohorts
(15–17 years; see Gong et al., 2018), may not adequately account for known developmental
changes in magnetic susceptibility (Hallgren et al., 1958). Only one study (Bell et al., 2024)
used healthy controls drawn from the general population, thereby minimising these con-
founds. This underscores the need for more carefully considered comparison groups to
accurately isolate mTBI-related susceptibility alterations.

A further limitation is the use of supra-millimetre or anisotropic voxel resolutions in
most studies (Bell et al., 2024; Gong et al., 2018; Koch et al., 2018; Koch et al., 2021;
Zivadinov et al., 2018a) (see Table 3.9). These acquisition protocols reduce contrast, in-
troduce errors in susceptibility mapping, and increase partial volume effects (PVE) (Karsa
et al., 2019a). Such suboptimal spatial resolutions are thus not recommended by current
consensus guidelines on best-practice QSM (Bilgic et al., 2024) and may have hindered the
detection of subtle variations in susceptibility and microstructural integrity in previous
investigations.

As discussed earlier this chapter, biomagnetic substrates exhibit opposing susceptibility
profiles such that paramagnetic iron and diamagnetic myelin, calcium, and protein may co-
exist within individual voxels. The effect of mTBI across a range of cellular compartments
means that isolation of distinct susceptibility sources, within the constraints of the data
at hand, may be critical to identifying the subtle biodynamics and injury cascades occur-
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ring shortly after injury. While multi-echo data have been acquired in many studies (Bell
et al., 2024; Gong et al., 2018; Koch et al., 2018; Koch et al., 2021; Wright et al., 2022), tech-
niques for intra-voxel source separation remain unused. In addition, despite the promise of
inter-voxel thresholding approaches to differentiate net voxel-wise susceptibility signals in
single-echo data (Merenstein et al., 2025; Merenstein et al., 2024), they have not yet been ap-
plied to QSM analysis in studies that have used single-echo acquisitions (Pinky et al., 2022;
Zivadinov et al., 2018a). A few studies have averaged susceptibility images across control
subjects and applied a threshold (e.g., >0.05 ppm) to create basal grey matter masks or
refine atlas-based segmentations (Koch et al., 2018; Koch et al., 2021; Wright et al., 2022).
This method, however, only identifies ROIs and does not yield separate maps of voxel-
wise susceptibility sign. As a result, analyses may include voxels with mixed susceptibility
signs, obscuring subtle individual differences between positive and negative susceptibility
values or diluting the net concentration. This limitation could plausibly account for the
inability of most studies to identify significant results.

3.8.3 Clinically- and individually-relevant investigations are missing from the literature

Despite advances in inline reconstruction pipelines by scanner vendors (Borzage et al.,
2022), QSM remains predominantly confined to research settings rather than seeing incor-
poration into routine clinical use (Haller et al., 2021). The translation of advanced imaging
techniques into clinical diagnostic and prognostic tools may be further hindered by current
methodological and statistical approaches. While group-level investigations are valuable
for identifying signatures associated with specific disorders, such as structural alterations
in the amygdala and hippocampus in anxiety (Łoś et al., 2021), and altered rostral anterior
cingulate activity in depression (Pizzagalli, 2011), these standard statistical models may
mask inter-individual variability (Marquand et al., 2019).

Analyses insensitive to individual variation may not only limit the generalisability of
findings (Marquand et al., 2019), but could compromise the effectiveness of clinical inter-
vention, rehabilitation strategies, and return-to-play guidelines derived from aggregated
data in mTBI. An understanding of this injury and its effects predicated on group-level
data may thus under serve the very population such research is intended to support.
Individual-level investigations may better characterise mTBI-related neuropathology, and
are increasingly recognised as for offering biologically informed and clinically relevant
insights, particularly for populations where targeted interventions are both useful and
necessary (Marquand et al., 2019; Mito et al., 2024), such as mTBI.

This issue remains largely unaddressed in QSM-based studies of tissue changes follow-
ing mTBI. For example, while Koch et al. (2021) computed z-scores for individual parti-
cipants in the bilateral thalamus, caudate, putamen, and globus pallidus, these measures
served only as covariates in regression analyses, rather than being assessed for statistical
significance as independent measures. This gap highlights the need for dedicated, clin-
ically meaningful individual-level investigations of alterations to biomagnetic substrates
following mTBI.
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3.9 revisiting thesis aims and objectives

The primary aim of this thesis is to characterise microstructural grey matter pathology
in acute mTBI using QSM. To achieve this, the studies presented here employ extensive,
anatomically-informed segmentations of the deep grey matter and hippocampus as well
as depth- and curvature-specific column-based analyses across the cortex to identify micro-
structural susceptibility differences at both the group- and individual-level (see Table 3.9).
This approach addresses critical gaps in the current QSM-mTBI literature related to insuf-
ficient anatomical precision and the lack of clinically and individually relevant investiga-
tions.

To enhance methodological rigour and mitigate confounds, healthy participants from
the normal population are used as a control group and data are acquired with 1 mm
isotropic resolution for QSM reconstruction. Additionally, Chapter 4 presents a comparat-
ive analysis of two prominent QSM reconstruction methods to determine the most robust
pipeline, which is subsequently used in the research presented in Chapter 5 to Chapter 8.
For each study, QSM is thresholded into separate maps of inter-voxel susceptibility sign to
differentiate between net positive and net negative voxels during analysis.

Ultimately, this thesis aims to refine and extend current QSM-based methodologies for
mTBI research, thereby enabling the detection of significant effects observed in comple-
mentary imaging and histological studies yet largely undetected in the current literature.
It is hoped that the culmination of these enhanced, comprehensive investigations will val-
idate the utility of QSM for identifying mTBI-related grey matter pathology.
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Table 3.1: The current state of the QSM-mTBI literature
Investigators Koch et al.

2018b
Gong et al.
2018c

Zivadinov et
al. 2018d

Koch et al.
2021b

Wright et
al. 2022b

Pinky et
al. 2022b

Bell et al.
2024a

Timepoints, Analytic
Approach, and Voxel
Resolution

24 hours,
8 days,
45 days;
group;
0.75 × 0.94
× 2 mm

Pre- and
post-
season
(median 2
days prior
and 10
days post);
group;
0.76 × 0.76
× 2mm

Chronic, not
specified;
group; 0.5 ×
1.0 × 2mm

48 hours;
group,
z-scores
not inde-
pendently
assessed;
0.75 x 0.96
x 2mm

Day 13;
0.83mm
isotropic

Within
15 days;
additional
cohort
at 41 ±
16 days;
group;
1.0 mm
isotropic

Between
3 months
and 5
years
post with
PPCS;
group;
0.94 × 0.94
× 1.9mm

Basal Ganglia and Associated Nuclei

Total deep grey matter /
subcompartments

↓
Cerebellar grey matter ↑
Thalamus

Caudate

Putamen

Undifferentiated Globus
Pallidus

Globus Pallidus
internus

Globus Pallidus
externus

Nucleus Accumbens

Ventral Pallidum

Substantia Nigra
pars compacta

Substantia Nigra
pars reticulata

Parabrachial Pigmented
Nucleus

Subthalamic Nucleus

Ventral Tegmentum

Hypothalamus

Red Nucleus

Mammillary Nucleus

Habenular Nuclei

Amygdala

Extended Amygdala

Hippocampus and Subfields

Undifferentiated
Hippocampus

Parasubiculum

Presubiculum

Subiculum

CA1

CA3

CA4

HATA

Fimbria

Hippocampal Fissure

Hippocampal Tail

Thesis
researcha

Within 14 days
post-injury;
group and
independent
individual
assessments;
1.0mm isotropic
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Cortical ROIs

Voxel-wise

Frontal Pole

Medial OFC

Lateral OFC

Pars Orbitalis

Pars Triangularis

Rostral mPFC

Caudal mPFC

Pars Opercularis

Superior Frontal

Paracentral

Precentral

Superior Parietal

Inferior Parietal

Postcentral

Supramarginal

Precuneus

Bank, STS

STS

Middle Temporal

Temporal Pole

Transverse Temporal

Parahippocampal

Entorhinal

Fusiform

Inferior Temporal

LOC

Pericalcarine

Lingual Gyrus

Cuneus

Insula

Rostral ACC

Caudal ACC

Posterior Cingulate

Isthmus, Cingulate

⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆
⋆

⋆ = depth- and curvature-specific investigations of cerebral cortex; a = healthy normal control population; b = healthy athlete control population; c = internal control

group; d = non-contact sport athlete control group.

Note. Summary of the methodological approaches and results from the extant QSM-mTBI literature investigating susceptibility effects in grey matter. Most studies

have identified no significant difference (grey cells). Two studies have identified significant effects (orange cells) and the direction of change is indicated by arrow

direction (↓ = decrease, ↑ = increase). Green cells indicate regions investigated in this thesis to address gaps in the literature. PPCS = persistent post-concussion

syndrome; CA = cornu ammonis; OFC = orbitofrontal cortex; mPFC = medial prefrontal cortex; STS = superior temporal sulcus; LOC = lateral occipital cortex; ACC

= anterior cingulate cortex.
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3.10 chapter summary

This chapter elucidated not only the fundamentals of MRI, QSM, and the biophysical
basis of magnetic susceptibility but provided a complement to the biological cascades of
mTBI reviewed in Chapter 2. Together, these background chapters have underscored the
potential utility of using QSM as a method to investigate susceptibility changes induced
by mTBI. A review of the current QSM-mTBI literature and methodological shortcomings,
including the pervasive lack of anatomical specificity, outlined the rationale for the thesis
aims, study designs, and analytic approaches used in the subsequent research. The studies
that comprise the body of this thesis are presented in the following chapters.
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4
S PA R S I T Y- B A S E D R E G U L A R I S AT I O N : A R O B U S T
A P P R O A C H F O R Q S M R E C O N S T R U C T I O N

4.1 motivation

In Chapter 4, I provide an evidence-based rationale for selecting the QSM reconstruction
algorithm used in the subsequent research projects. A comparative analysis of the perform-
ance of a sparsity-based and a smoothness-promoting regularisation technique is conduc-
ted across eight SNR and image quality metrics, and benchmarked against ground truth
data. Results from this chapter are presented alongside a discussion of best-practice re-
commendations for selection of QSM reconstruction algorithms, from phase unwrapping
to dipole inversion, ensuring alignment with current consensus guidelines. The findings
are summarised in § 4.7.
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4.2 introduction

Differences in a priori mathematical assumptions and regularisation techniques aimed at
addressing the ill-posed nature of dipole inversion, as well as different algorithms for
coil combination (Robinson et al., 2017), phase unwrapping (Schweser et al., 2017), multi-
echo combination where applicable (Robinson et al., 2017), and background field removal
(Schweser et al., 2017), can affect the accuracy of dipole inversion (Haacke et al., 2015;
Kee et al., 2017; Y. Wang et al., 2015), as discussed in Chapter 3. The algorithms neces-
sitate trade-offs, the inherent strengths and weaknesses of which can lead to deviations
in proximity to the ground truth susceptibility distribution. For example, sparsity-based
regularisation methods produce stable, physically meaningful solutions and enhance edge
preservation through first-order ℓ1 norm penalisation or by using similar TV methods
(Bilgic et al., 2024). In contrast, smoothness-promoting reconstructions seek to balance
edge-preservation with smoothing to eliminate staircasing artefacts that can occur with
sparsity-only methods, either by using ℓ2 norm penalisation or ℓ1 norm penalisation of
higher-order derivatives for smoothing such as with TGV (Langkammer et al., 2015). It is
important to note that the choice of regularisation involves balancing noise suppression
with the preservation of fine anatomical details, which is an ongoing area of research in
the field of QSM (Bilgic et al., 2024; Reichenbach et al., 2015).

This variability means susceptibility maps reconstructed from the same phase and mag-
nitude images can regularly identify different effects, erode or omit sections of brain tis-
sue, and the complexity of image reconstruction is rife with opportunities for user error.
Artefacts introduced at any of these stages can carry through the process and affect the
accuracy of the final map (Marques et al., 2021). Indeed, recent research has highlighted
that the fidelity of research outcomes may be determined by algorithm selection (Robin-
son et al., 2017; Schweser et al., 2017; Y. Wang et al., 2015), reinforcing the importance of
selecting a robust technique suitable for the intended research.

Reconstruction challenges held within the QSM community have been devised to im-
prove the accuracy of QSM reconstruction and identify the best methods for susceptibility
calculation (Bilgic et al., 2021; Marques et al., 2021; Milovic et al., 2020). Recently, a realistic
in silico head phantom was developed to eliminate unaccounted-for effects when using
real-world, in vivo data as a ground truth (Marques et al., 2021). This phantom is available
as an open-access data set (Marques, 2021) and can be used to evaluate QSM algorithms
and reconstructions.

In addition, a recent consensus statement was issued detailing guidelines for best-
practice QSM reconstruction, which, among other recommendations, endorsed sparsity-
based regularisation for dipole inversion, for example, RTS (Kames et al., 2018) and MEDI
(J. Liu et al., 2012; T. Liu et al., 2011b; T. Liu et al., 2012b), as well as methods like PDF
(T. Liu et al., 2011a) and SHARP (Schweser et al., 2011b) (or SHARP-based variations) for
background field removal. They also recommend using exact phase unwrapping meth-
ods like PRELUDE (Jenkinson, 2003), SEGUE (Karsa et al., 2019b), SPUN (Ye et al., 2019),
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and ROMEO (Dymerska et al., 2021), and susceptibility quantification relative to a specific
(preferably large) reference structure (Bilgic et al., 2024).

Due to inherent variations in voxel-wise susceptibility estimation arising from differ-
ences in scanner hardware, acquisition protocols, and reconstruction algorithms (Bilgic et
al., 2021; Langkammer et al., 2018), the development of consensus guidelines and stand-
ardisation processes is critical for enhancing the fidelity of QSM-based research. These
issues are particularly endemic to mTBI, where the tissue response to injury is inherently
subtle. In this context, identifying the most robust reconstruction algorithm is essential as
even minimal deviations in the accuracy of susceptibility estimation may result in spurious
conclusions.

To address these issues, the comparative analysis conducted in this chapter reconstructs
QSM maps using the QSM Reconstruction Challenge 2.0 data with the aim of identify-
ing the most accurate method and ensuring alignment with recent consensus guidelines.
Here, two popular pipelines are compared: sparsity-based RTS (Kames et al., 2018) and
a smoothness-promoting TGV (Langkammer et al., 2015). Additionally, two-pass, artefact-
reduced QSM maps (Stewart et al., 2022b) are generated for both pipelines, yielding four
final maps for assessment. Proximity to ground truth is analysed across eight SNR and
image quality metrics. The findings contained in this chapter guide the selection of the
most appropriate reconstruction approach for the research studies detailed in Chapter 5,
Chapter 6, Chapter 7, and Chapter 8, ensuring methodological rigour, accuracy, and con-
sistency throughout this thesis.

4.3 materials and methods

4.3.1 Data simulation

A realistic in silico head phantom (Marques et al., 2021) developed for the QSM Recon-
struction Challenge 2.0 (Bilgic et al., 2021) was used to generate a ground truth against
which different QSM reconstruction algorithms could be evaluated. This high-resolution
(0.64 mm isotropic voxel size) head phantom is derived from ultrahigh-field (7T) data and
includes a phantom χ-model, tissue property maps (M0, R1, R∗

2), and data masks. The head
phantom was designed to simulate MRI data under realistic conditions, providing a high-
fidelity representation of the human head whilst preserving tissue classes such as grey
matter, white matter, and CSF. The phantom also features manually-segmented represent-
ations of deep grey structures, allowing for accurate simulation of brain tissue, substruc-
tures, and magnetic susceptibility distributions (Marques et al., 2021). A high-susceptibility
site of calcification is also present in the longitudinal fissure.

To generate a ground truth susceptibility map and MRI data designed to simulate the
local field maps of MEGRE MRI acquisitions for QSM reconstruction, the in silico head
phantom was forward-modelled and transformed into a Brain Imaging Data Structure
(BIDS) compliant (Gorgolewski et al., 2016) directory using the qsm-forward package. This
process produced a separate magnitude and phase image, as well as the ground truth
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susceptibility map, with a downsampled voxel size of 1 mm isotropic resolution (TR = 50
ms; TEs = 4, 12, 20, 28 ms; flip angle (FA) = 15°; slice thickness = 2.5 mm; matrix size = 164
x 205 x 205). Magnitude and phase images were then used for QSM reconstruction.

4.3.2 QSM reconstruction

The simulated field maps generated with qsm-forward were reconstructed into QSM us-
ing a containerised version of the QSMxT toolbox (Stewart et al., 2022a; Stewart et al.,
2022b) via Docker (Merkel, 2014). QSMxT supports many reconstruction algorithms and
regularisation techniques, including sparsity-based and smoothness-promoting methods.
QSMxT also automates a two-pass combination method for hole-filling and artefact reduc-
tion (Stewart et al., 2022b). Both single-pass and two-pass QSM reconstructions were gener-
ated using a sparsity-based and a smoothness-promoting pipeline. The first reconstruction
method used ROMEO for phase unwrapping (Dymerska et al., 2021), PDF for background
field removal (T. Liu et al., 2011a), and sparsity-based RTS for dipole inversion (Kames
et al., 2018), which aligns with recent consensus recommendations for best-practice QSM
reconstruction (Bilgic et al., 2024). The second set of QSM maps were reconstructed using
TGV (Langkammer et al., 2015), a smoothness-promoting regularisation method that integ-
rates phase unwrapping, background field removal, and dipole inversion into a single step.
To comply with recent consensus guidelines and enable meaningful comparisons between
sparsity-based and smoothness-promoting methods, all QSM maps were referenced to
whole-brain susceptibility (Bilgic et al., 2024).

4.4 analysis

The QSM-CI package, designed to work with data derived using qsm-forward, was used
to evaluate all four QSM maps (single- and two-pass RTS; single- and two-pass TGV). This
package automates the computation of eight SNR and quality metrics, each assessing dif-
ferent aspects of data fidelity and providing a comprehensive measure of the algorithms’
performance relative to the ground truth. These metrics include: 1) Root Mean Square
Error (RMSE): an image quality metric that quantifies the absolute error between the re-
constructed QSM map and the ground truth susceptibility map (lower values are better);
2) Normalised RMSE (NRMSE): a scaled version of RMSE that provides a standardised
measure (lower values are better); 3) High-Frequency Error Norm (HFEN): quantifies im-
age reconstruction quality, in particular edges and fine details (lower values are better); 4)
Mean Absolute Deviation (MAD): measures the average deviation of the reconstructed val-
ues from the ground truth (lower values are better); 5) QSM-specific Structural SIMilarity
Index (XSIM): a perceptual metric that identifies structural fidelity by considering lumin-
ance, contrast, and structure (higher values are better); 6) Pearson correlation (r): assesses
the linear relationship between the reconstructed map and the ground truth (higher val-
ues are better); 7) Normalised Mutual Information (NMI): quantifies the spatial agreement
between the reconstructed image and the ground truth (higher values are better), and; 8)
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Gradient Difference Error (GXE): the gradient RMSE, to assess differences between first
derivatives of the reconstructed and ground truth data (lower values are better) (see Bilgic
et al., 2021; Fiscone et al., 2024; Horé et al., 2010, Knops et al.; 2006, Langkammer et al.,
2018; Milovic et al., 2025; Z. Wang et al., 2004; Yager et al., 2014).

4.5 results

Results indicated that two-pass RTS outperformed all other reconstructions on RMSE
(0.0257146), NRMSE (80.711628), HFEN (0.999962), Pearson’s r (0.591999), and GXE
(0.6562497). Single-pass TGV excelled in MAD (0.0180557), XSIM (0.2176036), and
NMI (1.0858868). Two-pass TGV generally performed the worst, exhibiting the highest
RMSE (0.0264505), NRMSE (83.0215107), HFEN (0.9999569), as well as the lowest XSIM
(0.1752620) and Pearson’s r (0.5650767), followed by single-pass RTS which had the
highest MAD (0.0190182) and GXE (0.6562504), along with the lowest NMI (1.0682507);
see Table 4.1.

Table 4.1: QSM reconstruction evaluation results

Reconstruction Method RMSE NRMSE HFEN MAD XSIM Pearson’s r (p-value) NMI GXE

RTS: Single-pass 0.0260673 81.8187089 0.9999580 0.0190182× 0.1960915 0.5760515 (0.0) 1.0682507× 0.6562504×

RTS: Two-pass 0.0257146✓ 80.7116278✓ 0.9999623✓ 0.0186949 0.1780462 0.5919990✓ (0.0) 1.0715837 0.6562497✓

TGV: Single-pass 0.0262987 82.5449381 0.9999604 0.0180557✓ 0.2176036✓ 0.5828528 (0.0) 1.0858868✓ 0.6562529

TGV: Two-pass 0.0264505× 83.0215107× 0.9999569× 0.0184135 0.1752620× 0.5650767× (0.0) 1.0785821 0.6562529

Optimal Values low low low low high high (low) high low

✓best performing; ×worst performing

Note. Evaluation metrics and results for single- and two-pass QSM reconstructions using both sparsity-based RTS and smoothness-promoting TGV pipelines. Lower

values for RMSE, NRMSE, HFEN, MAD, and GXE indicate better performance, while higher values for XSIM, Pearson’s r, and NMI reflect better reconstructions.

Results are reported to seven decimal places to preserve the detail necessary for comparing between reconstruction methods. Abbreviations are as follows: RMSE =

Root Mean Square Error; NRMSE = Normalised RMSE; HFEN = High-Frequency Error Norm; MAD = Mean Absolute Deviation; XSIM = QSM-specific Structural

Similarity Index; Pearson’s r = Pearson’s correlation coefficient; NMI = Normalised Mutual Information; GXE = Gradient Difference Error.

Qualitative visual assessments revealed a significant reduction in streaking artefacts
for two-pass QSM, particularly at the high susceptibility interhemispheric calcification
(see Fig. 4.1). Visual representation of the QSM reconstructions suggests that a two-pass
method reduces unwanted artefacts and is more robust against image distortions, enhan-
cing the accuracy and reliability of the given susceptibility values (L. Zhou et al., 2017).
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Figure 4.1: Comparison of QSM reconstructions
Visual representation of the susceptibility maps produced using sparsity-based RTS (A.) and smoothness-promoting TGV (B.). Both single- and two-pass reconstruc-

tions are displayed for each algorithm for coronal (C), axial (A), and sagittal (S) slices. Single-pass reconstructions are less robust against streaking artefacts at the

interhemispheric calcification (yellow boxes) than their two-pass counterparts. Susceptibility is quantified in ppm.

4.6 discussion

SNR and image quality analyses identified two-pass RTS as the most robust reconstruc-
tion method overall, outperforming single-pass RTS and both single- and two-pass TGV
on five of the eight reconstruction quality metrics including RMSE, NRMSE, Pearson’s r,
HFEN and GXE. The performance of single-pass TGV was superior on three of the eight
metrics (MAD, XSIM, and NMI). Neither single-pass RTS nor two-pass TGV were superior
to the other methods for any metric. Qualitative visual assessments of the reconstruction
methods highlighted the utility of two-pass reconstruction methods for streaking artefact
reduction (see Fig. 4.1). In contrast, significant streaking artefacts were apparent at the
interhemispheric calcification for QSM reconstructed using a single-pass method. These
quantitative and qualitative assessments support two-pass RTS as an effective method for
maintaining anatomical features and gradient-encoded information while minimising un-
wanted artefacts which are known to affect image quality, voxel values, and confound
analyses (Bilgic et al., 2024; W. Li et al., 2015; Marques et al., 2021).
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4.6.1 Smoothness- vs. sparsity-based regularisation

Various QSM reconstruction methods seek to address the field-to-susceptibility inverse
problem while accounting for incomplete tissue field data and noise (Kee et al., 2017).
This necessitates using complex algorithms and regularisation techniques to address the
ill-posed nature of dipole inversion (see Chapter 3). Here, TGV and RTS methods differ
in several fundamental ways. TGV integrates the individual processing steps of phase un-
wrapping, background field removal, and dipole inversion into a unified step (Langkam-
mer et al., 2015), and was developed to extend prior work that used only the more tra-
ditional ℓ1-based TV penalty methods. In isolation, ℓ1-based penalty methods can lead
to piecewise staircasing artefacts during map reconstruction; hence, the incorporation of
higher-order derivatives helps to promote smoothness in the model (Langkammer et al.,
2015). Integrating all reconstruction steps into a single step also aims to mitigate the op-
portunities for error at each independent step of QSM reconstruction.

In contrast, RTS takes an incremental, two-step approach to dipole inversion, where k-
space is divided into well-conditioned and ill-conditioned regions (Kames et al., 2018). In
the first step, RTS uses a Least Squares Minimal Residual (LSMR) method but constrains
this to a few iterations to reduce reconstruction errors, including streaking artefacts and
noise, providing only a first-pass approximation (Kames et al., 2018). This step leverages
the implicit regularising properties of Krylov subspace methods to emphasise smoothness
and reduce noise artefacts. The second step addresses the ill-conditioned k-space regions
by employing a binary mask for priors and using sparsity-based TV for signal estimation,
helping to recover ill-conditioned regions while preserving edges (Kames et al., 2018).
This two-step approach enables RTS to balance noise reduction and edge preservation
effectively.

Both RTS and TGV methods attempt to enhance the fidelity of susceptibility estima-
tion while decreasing computational load. While over-smoothing can pose a problem for
structural detail and recovery of small ROIs (Kames et al., 2018), relying solely on ℓ1

norm regularisation may encourage artefacts. As such, sparsity and smoothness should
be carefully managed by the algorithm and regularisation methods, either in isolation or
in combination, must be well considered. Recent recommendations for best-practice QSM
reconstruction favour sparsity-based methods, whilst concomitantly acknowledging that
some sparsity-based algorithms may lead to staircasing in the reconstructed map, with
additional recommendations to mitigate these through effective background field removal
techniques (Bilgic et al., 2024).

Taken together, smoothness-promoting TGV appears to be less well supported for use
in the subsequent research projects. The single step approach also inhibits the manual ap-
plication of optimal phase unwrapping and background field removal steps. In contrast,
the sparsity-based RTS reconstruction aligns with consensus guidelines, as does the use of
PDF for background field removal (T. Liu et al., 2011a) and “exact" phase unwrapping via
ROMEO (Dymerska et al., 2021). The ability to select a method for each individual step
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confers the added benefit of enabling modifications to the pipeline as consensus recom-
mendations evolve.

4.6.2 Two-pass artefact reduction

The present investigation demonstrated that a two-pass artefact reduction method is signi-
ficantly more effective at mitigating streaking artefacts and enhancing image quality, par-
ticularly in regions with high susceptibility, such as the interhemispheric calcification (see
Fig. 4.1). This enhanced effectiveness is due to the hole-filling, artefact reduction method
which performs parallel QSM masking and reconstruction on susceptibility sources iden-
tified as reliable and less reliable. These dual QSM images are then combined into a final
integrated image that is more robust to reconstruction errors and streaking artefacts than
images produced using a single-pass approach. In doing so, this approach improves the
accuracy of statistical analysis (Stewart et al., 2022b).

Streaking artefacts present a significant problem for QSM, typically emerging near high
susceptibility regions such as air-tissue interfaces, calcifications, and areas in close proxim-
ity to blood vessels (Bilgic et al., 2024; W. Li et al., 2015). These bright distortions radiate
around the site of high contrast, distorting voxel values within and around the affected
area. This can compromise quantitative analysis by yielding inaccurate susceptibility meas-
urements and obscuring anatomical structures, particularly smaller structures such as the
subthalamic nucleus and substantia nigra (Bilgic et al., 2024; W. Li et al., 2015; Marques et
al., 2021). The studies in this thesis focus on regions with complex microstructural features,
including the hippocampus, basal ganglia, and cerebral cortex. Given that these areas also
border tissue boundaries and that cortical regions are highly vascularised (Bollmann et al.,
2022), reducing artefacts is imperative.

In addition, minimisation of errors or noise is particularly relevant to the study of mTBI,
where the associated pathology is subtle and artefacts can obscure small, but clinically
relevant, changes in susceptibility or lead to erroneous voxel value calculations and misid-
entification of tissue pathology. Methods to reduce artefacts are critically important for
research broadly, but particularly when assessing conditions where accurate identification
of micropathology is essential. Here, preserving anatomical features, maintaining image
quality, and mitigating distortion of susceptibility values is paramount. This is particu-
larly relevant to certain analytic approaches, such as the individualised studies presen-
ted in Chapter 7 and Chapter 8, which are inherently sensitive to small, individual-level
variations in magnetic susceptibility that could, with enough research, be used to inform
clinical decision making.

Indeed, a recent individual-level investigation of moderate-to-severe TBI (ms-TBI) con-
ducted by Domínguez et al. (2024) demonstrated the capabilities of a two-pass QSM ap-
proach. Their findings indicated that two-pass QSM can substantially reduce reconstruc-
tion errors, particularly dark and streaking artefacts near large lesions and at tissue bound-
aries. These artefacts have been a persistent challenge in TBI studies (Stewart et al., 2022b)
and may be a contributing factor to the limited use of QSM in this context (Domínguez
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et al., 2024). In addition, Domínguez et al. (2024) identified significant differences in the
z-scores of ms-TBI participants in both deep grey and cortical grey matter compared to
the HC z-distribution. These findings underscore not only the sensitivity and potential
clinical utility of the two-pass artefact reduction method but also its relevance to the work
presented in this thesis.

4.6.3 Signal-to-noise and image quality

The superior performance of two-pass RTS on RMSE, NRMSE, and Pearson’s r indicates
that it is the most accurate reconstruction method for error minimisation and represents
a close approximation of the true susceptibility distribution. These results suggest that
mTBI-related grey matter micropathology identified via two-pass RTS is likely to reflect
actual tissue content dyshomeostasis and will be less prone to spurious voxel values from
reconstruction artefacts or errors. The preservation of fine detail and gradient-encoded in-
formation in two-pass RTS is reflected in the superior performance on the HFEN and GXE
metrics which can likely be attributed to sparsity-based regularisation. This capability is
valuable when studying detailed substructures, such as the hippocampal subfields, basal
ganglia, and associated nuclei (see Chapter 5 and Chapter 7), and for complex, column-
based investigations sensitive to cortical architectonics (see Chapter 6 and Chapter 8). In
contrast, microstructural abnormalities and subtle deviations in the tissue response may
be less identifiable with methods that perform relatively poorly for detail and gradient
preservation. On aggregate, the results of this investigation identify two-pass RTS as the
optimal choice for high-quality QSM for use in the following research studies. This conclu-
sion is supported by its superior performance on most SNR metrics, competitive outcomes
on the remaining measures, and its effective reduction of artefacts.

4.6.4 Limitations

Several limitations should be noted. First, consensus recommendations suggest that data
should be acquired using a MEGRE sequence, which can enhance SNR (Bilgic et al., 2024;
Deistung et al., 2017). While the in silico phantom reflects best-practice acquisition in this
regard, the data used in this thesis were acquired using a single-echo sequence. Con-
sequently, the QSM reconstruction pipeline selected for this thesis represents gold-standard
algorithm implementation, however, the data acquisition is not aligned with consensus re-
commendations (Bilgic et al., 2024).

Since ground truth data were necessary for establishing the most robust method for
QSM reconstruction, optimal methods identified using the in silico phantom are assumed
to be generalisable to the data acquired for QSM reconstruction in this thesis. While this is
not an exact one-to-one match due to differences in acquisition parameters and the nature
of the source images, the agreement between the results of this investigation and best-
practice recommendations mitigates some concerns regarding extrapolation to the data
acquired for use in Chapter 5 to Chapter 8.
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Lastly, because QSM is an indirect measure of magnetic susceptibility, it serves as a
surrogate marker for tissue components such as iron, calcium, protein, and myelin, and
does not reflect their absolute values. While careful attention has been paid to the wording
throughout the following research investigations, the reader is advised to keep this caveat
in mind when interpreting the results.

4.7 conclusions

This study systematically compared two QSM reconstruction methods, one employing
sparsity-based regularisation (RTS) and the other emphasising smoothness (TGV), for both
single- and two-pass susceptibility maps. This chapter aimed to identify the most robust
method based on eight SNR and image quality metrics. Two-pass RTS outperformed all
other reconstructions, particularly in metrics related to error minimisation and feature
preservation, including edges and fine anatomical details. In addition, two-pass RTS ef-
fectively suppressed artefacts, likely enhancing the reliability of susceptibility values. The
superior performance across quantitative and qualitative assessments renders this method
particularly suited to investigations of the cortex, hippocampal subfields, and basal ganglia.
As a result, the two-pass RTS pipeline was selected for use in the research projects presen-
ted in this thesis. Its alignment with consensus guidelines established by experts in the
QSM community further validates this choice, ensuring that the research described in the
subsequent studies is methodologically sound.
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Alterations in Brain Tissue Microstructure
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5
I N V E S T I G AT I N G P O S I T I V E A N D N E G AT I V E
Q U A N T I TAT I V E S U S C E P T I B I L I T Y VA L U E S I N T H E
H I P P O C A M PA L F O R M AT I O N A N D B A S A L
G A N G L I A

5.1 motivation

In Chapter 5 I implement the QSM reconstruction algorithm detailed in Chapter 4 to invest-
igate the effects of mTBI on subcortical brain structures, focusing on 16 sub-regions of the
basal ganglia and 10 segmentations of the hippocampal formation. Prior research has pre-
dominantly examined major basal ganglia structures as ROIs in QSM-based investigations
of mTBI, but no prior studies have systematically explored the hippocampal subfields, des-
pite the well-established vulnerability of the hippocampus and temporal lobe to damage
in mTBI, as well as their involvement in mTBI symptomatology. In this chapter, I extend
the current literature by conducting a granular investigation of these subcortical regions.
In addition, I threshold QSM into separate maps of dominant positive and negative sus-
ceptibility values to enable the analysis of distinct magnetic susceptibility distributions
that may otherwise be obscured by inter-voxel averaging during analysis. Key discussion
points are reviewed in § 5.6.
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5.2 introduction

The current focus on total deep grey matter or segmentations of major subcortical struc-
tures such as the caudate, putamen, thalamus, and intact globus pallidus (Bell et al., 2024;
Gong et al., 2018; Koch et al., 2018; Koch et al., 2021; Pinky et al., 2022; Wright et al., 2022;
Zivadinov et al., 2018a) or the undifferentiated hippocampus (Pinky et al., 2022; Zivadinov
et al., 2018a) may overlook the susceptibility of other regions or subfields to mTBI-induced
micropathology (see Chapter 3). Here, investigations differentiating between distinct sub-
cortical brain regions and their substructures may be necessary to better understand the
micropathology of mTBI and assist in elucidating the genesis of specific injury-related
deficits.

To contribute to the sparse extant literature, this chapter outlines the first QSM analysis
of mTBI effects in the hippocampal subfields alongside the most detailed segmentation of
the basal ganglia to date. This study aimed to: 1) assess the effects of mTBI on positive
(iron-related) and negative (myelin-, protein-, calcium-related) net magnetic susceptibility
to better understand acute pathology in, a) 16 segmentations of the basal ganglia, and b)
10 segmentations of the hippocampal subfields, and; 2) elucidate the relationship between
magnetic susceptibility in these regions and potentially moderating variables including
age, and injury latency and severity. Although many of these regions are both high in iron
and susceptible to mTBI-related pathology, the limited prior literature has produced mixed
results regarding the direction of iron-related effects, if any. Furthermore, the absence of
QSM thresholded for inter-voxel sign in previous studies precludes the development of
robust hypotheses regarding the directionality of negative susceptibility effects in grey
matter. As such, there were no specific a priori hypotheses related to either susceptibility
sign, nor secondary correlational analyses.

5.3 materials and methods

Ethical approval for this research was obtained from the Health and Disabilities Ethics
Committee (HDEC) (Date: 18/02/2022, Reference: 2022 EXP 11078) and institutional ap-
proval was also obtained from the Auckland University of Technology Ethics Committee
(AUTEC) (Date: 18/02/2022, Reference: 22/12). In accordance with the Declaration of Hel-
sinki, all participants provided written informed consent prior to data collection. To re-
cognise their contribution, each participant received a $50NZD food voucher, along with
a $20NZD fuel voucher or taxi chit to cover the travel costs associated with attending the
MRI scan.

5.3.1 Participants

Data from 25 male contact sports players (M = 21.10 years old [16-32], SD = 4.59) with
acute sr-mTBI (< 14 days; M = 10.40 days, SD = 3.03) and 25 age-matched male controls (M
= 21.10 years old [16-32], SD = 4.35) were used for this observational study (see Table 5.1).
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Ages were not significantly different between groups (t(48) = 0.00, p = 1.00) to mitigate any
potential confounding effects due to the known linear relationship between brain iron con-
tent and age (Ashraf et al., 2018; Bilgic et al., 2012; Hagemeier et al., 2012; Hallgren et al.,
1958; Madden et al., 2023; Treit et al., 2021; Zecca et al., 2004), particularly in this young co-
hort. Clinical sr-mTBI participants were recruited through three Axis Sports Medicine clin-
ics (Auckland, New Zealand), via print and social media advertisements, word-of-mouth,
and through community-based pathways including referrals from healthcare professionals
and sports team management. Each clinical participant was required to have a confirmed
sr-mTBI diagnosis by a licensed physician as a prerequisite for study inclusion, and symp-
tom severity was assessed using the Brain Injury Screening Tool (BIST) (Theadom et al.,
2021) either upon presentation to Axis clinics or electronically following recruitment. HC
participants were recruited through print and social media advertisements, and word-of-
mouth. Exclusion criteria for all participants included a history of significant medical or
neurological conditions unrelated to the study’s objectives, and contraindications for MRI.
Additionally, controls were excluded if they had any recent history of mTBI events (< 12
months) or were living with any long-term effects of previous mTBI. All participants com-
pleted a brief demographic questionnaire and attended a 1-hour MRI scan at The Centre
for Advanced MRI (CAMRI), Auckland, New Zealand. All scans were reviewed by a cer-
tified neuroradiologist consultant for clinically significant findings. While some incidental
findings were identified, none were considered to be clinically significant and no further
follow up action was needed (see Table 5.1).

It should be noted that all information regarding ethics, participant acknowledgements,
recruitment, inclusion and exclusion criteria, data collection, and clinical radiological re-
view specified here are also applicable to the research conducted in the chapters following
this one (i.e., Chapter 6, Chapter 7, and Chapter 8). However, whilst the participant sample
detailed in this chapter is identical to the research detailed in Chapter 6, the studies presen-
ted in Chapter 7 and Chapter 8 further extend the sample to facilitate comprehensive
individualised investigations.
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Table 5.1: Summary of sr-mTBI participant clinical characteristics

ID Age DSI BIST Score MOI Radiological MRI Findings

mTBI-01 < 20 5 days 140 Rugby None

mTBI-02 < 20 5 days 12 Rugby None

mTBI-03 20s 6 days 78 Rugby None

mTBI-04 < 20 13 days 18 Rugby Small fluid signal spaces in R peritrigonal WM - normal. R caudate cleft
along ventricular surface – possibly developmental or from old ischaemic
insult

mTBI-05 < 20 12 days 61 Rugby None

mTBI-06 20s 13 days 42 Rugby None

mTBI-07 20s 13 days 13 Football Minor artefactual T1 signal in pons

mTBI-08 20s 12 days 6 Hockey None

mTBI-09 20s 6 days 56 Rugby Minor R orbital fracture (old)

mTBI-10 < 20 12 days 54 Rugby None

mTBI-11 20s 10 days 52 Rugby None

mTBI-12 30s 13 days 13 Football None

mTBI-13 < 20 5 days 79 Rugby None

mTBI-14 20s 13 days 2 Rugby Small focus of susceptibility in L superior frontal gyrus possibly vascular
or nonspecific haemosiderin

mTBI-15 < 20 13 days 22 Rugby None

mTBI-16 < 20 8 days 117 Futsal Tiny cleft of fluid signal in R cingulate gyrus - minor developmental an-
omaly or mature gliosis

mTBI-17 20s 13 days * Rugby None

mTBI-18 20s 10 days 34 Gymnastics None

mTBI-19 20s 13 days 28 Jiu-jitsu Some artefactual DWI signal in pons

mTBI-20 20s 11 days 69 Surfing Tiny susceptibility site in R temporal lobe - may be vascular

mTBI-21 < 20 7 days 14 Rugby Minor susceptibility in transverse sulcus in R mid temporal lobe - nonspe-
cific, may be vascular or reflect haemosiderin deposition from prior small
volume haemorrhage

mTBI-22 < 20 13 days 39 Judo None

mTBI-23 < 20 9 days 34 Rugby None

mTBI-24 < 20 12 days 68 Rugby None

mTBI-25 20s 12 days 17 Rugby 7mm pineal cyst - normal limits. Some T1 hyperintensity in R cerebellum
- artefact compatible

Mean
mTBI

21.10 (4.59)
years

10.4 (3.03)
days

44.5 (35.0)
/160

No findings considered clinically relevant

Mean
HC

21.10 (4.35)
years

No findings considered clinically relevant

* = missing data (BIST incomplete on the Axis Sport Medicine Clinic patient portal, reason unknown)

Note. Diagnostic assessment is limited to the volume T1 , SWI and DWI sequences with only limited interpretation of the multi-echo T2 stack. Clinical assessments

are relevant to the identification of micro-haemorrhages, areas of siderosis, T1 appearance, gliosis, volume, ventricular volumes and non-neurological findings. Age

is given in a range to prevent re-identification of participants. The possible range of BIST scores is 0 (min) to 160 (max). Clinical group data correspondent to date at

MRI only with the exception of the BIST acquired >24 hours post-injury prior to MRI scanning (< 14 days post). mTBI = mild traumatic brain injury; HC = healthy

control; ID = unique identifier; DSI = days since injury; DWI = diffusion-weighted imaging; BIST = Brain Injury Screening Tool; MOI = mechanism of injury; WM =

white matter; MRI = magnetic resonance imaging; L = Left; R = right.

5.3.2 Neuroimaging

5.3.2.1 Acquisition

MRI data were acquired on a 3T Siemens MAGNETOM Vida Fit scanner (Siemens Health-
care, Erlangen, Germany) equipped with a 20-channel head coil. A 3D flow-compensated
single-echo GRE sequence was used to obtain magnitude and unfiltered phase images suit-
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able for QSM reconstruction. Data were collected at 1 mm isotropic voxel size with matrix
size = 180 x 224 x 160 mm, TR = 30 ms; TE = 20 ms; FA = 15°; field of view (FoV) = 180
mm (LR) × 224 mm (AP); bandwidth = 101 Hz/px, in a total acquisition time of ∼3.43
minutes. Additional acquisition parameters included a transversal orientation with right-
to-left phase encoding. Wave-CAIPI acceleration was applied (in-plane = 2, 3D = 2) with 30
calibration reference lines in both phase-encode and 3D directions. For each participant, a
high-resolution 3D T1w anatomical image volume was acquired for coregistration, parcella-
tion, and segmentation using a Magnetisation-Prepared Rapid Acquisition Gradient Echo
(MPRAGE) sequence (TR = 1940.0 ms; TE = 2.49 ms, FA = 9°; slice thickness = 0.9 mm; FoV
= 230 mm; matrix size = 192 x 512 x 512 mm; Generalised Autocalibrating Partially Parallel
Acquisitions (GRAPPA) = 2; voxel size 0.45 x 0.45 x 0.90 mm) for a total acquisition time
of ∼4.31 minutes. Digital Imaging and Communications in Medicine (DICOM) files were
converted to Neuroimaging Informatics Technology Initiative (NIfTI) images and organ-
ised in BIDS format (Gorgolewski et al., 2016) for further processing using Dcm2Bids (Boré
et al., 2023) version 3.1.1, which is a wrapper for dcm2niix (X. Li et al., 2016) v1.0.20230411.

5.3.2.2 QSM processing

QSM images were reconstructed using QSMxT (Stewart et al., 2022a) v6.4.2 available as a
container via NeuroDesk (Renton et al., 2024) (v2024-03-27), a lightweight virtual environ-
ment. In keeping with the most robust reconstruction method identified in Chapter 4 and
recent consensus statement guidelines (Bilgic et al., 2024), ROMEO was used for phase un-
wrapping (Dymerska et al., 2021), PDF for background field removal (T. Liu et al., 2011a),
and sparsity-based RTS for dipole inversion (Kames et al., 2018), with whole-brain suscept-
ibility referencing. Two-pass, artefact-reduced susceptibility maps were used in all studies
described in this thesis (Stewart et al., 2022b). A brain mask was also generated using
FSL’s BET (S. M. Smith, 2002) to improve masking and hole-filling of the threshold-based
selection algorithm (Otsu, 1979) used for two-pass QSM.

Subsequent processing was performed using FSL (Jenkinson et al., 2012; S. M. Smith
et al., 2004; Woolrich et al., 2009). For each subject, the raw magnitude image was skull-
stripped using FSL’s BET (S. M. Smith, 2002) with robust brain centre estimation and a
fractional intensity threshold between 0.3 and 0.6. Binary masks were derived from the
skull-stripped magnitude image and applied to the susceptibility maps to erode non-brain
signal around the brain perimeter using fslmaths. Skull-stripped magnitude images were
linearly registered to the California Institute of Technology’s 168 (CIT168) T1w template in
Montreal Neurological Institute 152 (MNI152) space (see Pauli et al., 2018) using FMRIB’s
Linear Transformation Tool (FLIRT) (Greve et al., 2009; Jenkinson et al., 2002; Jenkinson
et al., 2001) with 12 degrees of freedom (DoF) suitable for atlas-based registration. The res-
ulting transformation matrix was then used for spatial normalisation of the QSM images
using FLIRT (Greve et al., 2009; Jenkinson et al., 2002; Jenkinson et al., 2001). In line with
prior research that has used a binary inter-voxel thresholding approach (Merenstein et al.,
2025; Merenstein et al., 2024), QSM data were thresholded into separate maps of dom-
inant voxel-wise sign with fslmaths. This approach separates values across voxel bound-
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aries above (QSM+) and below (QSM−) zero, thereby isolating predominantly positive
(iron-related) voxels from predominantly negative (myelin-, calcium-, and protein-related)
voxels prior to ROI-wise analysis (Duyn et al., 2017; Gong et al., 2019; Jang et al., 2021; S.
Kim et al., 2020; O’Callaghan et al., 2017; Y. Wang et al., 2017; Z. Zhao et al., 2021).

5.3.2.3 Basal ganglia segmentation

The CIT168 basal ganglia mask, available in MNI152 space, provides a detailed 16-part
probabilistic atlas of the basal nuclei (Pauli et al., 2018). Derived from T1w and T2w in
vivo structural images of 168 participants from the Human Connectome Project (Van Essen
et al., 2013), this atlas is openly accessible via the NeuroVault Collection (No. 3145). The
segmentations included: the striatum, comprised of the putamen (Pu), caudate (Ca), and
nucleus accumbens (NAC); the pallidum, which includes the globus pallidus externus
(GPe), globus pallidus internus (GPi), and ventral pallidum (VeP); and the substantia
nigra, including the substantia nigra pars compacta (SNc) and substantia nigra pars re-
ticulata (SNr). Additional segmentations covered the extended amygdala (EXA) and other
limbic structures including the hypothalamus (HTH) and mammillary nucleus (MN), the
mesolimbic ventral tegmental area (VTA) and the associated parabrachial pigmented nuc-
leus (PBP), the epithalamic habenular nuclei (HN), the subthalamic nucleus (STH), and
the red nucleus (RN) (see Fig. 5.1 for reference).

Figure 5.1: Segmentations of the basal ganglia
Sixteen bilateral segmentations of the basal ganglia are displayed across axial (A) slices of the T1w CIT168-MNI152 brain template, as well as 3D renderings of the

basal ganglia mask depicted from a superior (S), inferior (I), and lateral (L) perspective. The key for each basal nuclei is provided in the respective colour of that

region. Axial slices for signed maps (QSM− and QSM+) are shown at comparable depths for visual reference. Susceptibility values are expressed in ppm ranging

from 0.0 to +0.05, and negative maps are multiplied by -1 for better visualisation. GPe = globus pallidus externus; GPi = globus pallidus internus; SNc = substantia

nigra pars compacta; SNr = substantia nigra pars reticulata; PBP = parabrachial pigmented nucleus; VTA = ventral tegmental area.
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5.3.2.4 Hippocampal segmentation

Prior to hippocampal segmentation, bias field correction was applied to each participants’
T1w images using the N4 algorithm (Tustison et al., 2010) from the Advanced Normal-
isation Tools (ANTs) library (Avants et al., 2011). The bias field-corrected T1w images
were then processed with FreeSurfer’s recon-all pipeline (Fischl, 2012). Subsequent uni-
lateral segmentation of the hippocampal subfields was conducted using an automated,
FreeSurfer-based pipeline (Iglesias et al., 2015). This hippocampal segmentation leverages
a probabilistic atlas derived from ultrahigh-field, ex vivo MRI data with approximately 0.1
mm isotropic voxel resolution to automate the delineation of hippocampal substructures
for each hemisphere. Three resulting hippocampal segmentation schemes were produced,
including a macroscopic head/body/tail segmentation (denoted as “HBT”), a detailed
scheme where molecular subregions are merged with the nearest neighbours, specifically
the CA subfields (labeled “CA”), and a detailed segmentation where molecular subregions
are not merged (referred to as “FS60”). Of these, the mid-detail segmentation (the “CA"
scheme) was selected for use in statistical analysis, balancing the level of segmentation
detail with the need to mitigate the multiple comparisons problem. The hippocampal sub-
region masks included in this segmentation: the parasubiculum, presubiculum, subiculum,
CA regions CA1, CA3 (which includes CA2), and CA4, the hippocampal-amygdala trans-
ition area (HATA), fimbria, hippocampal tail, and hippocampal fissure (see FreeSurfer
Documentation). For full details on the segmentation used in this thesis, refer to Table 5.2,
and for visual representation see Fig. 5.2.

Table 5.2: Hippocampal subfields and their closest anatomical structures in “CA" segmentation
Parasubiculum Parasubiculum

Presubiculum head Presubiculum
Presubiculum body

Subiculum head Subiculum
Subiculum body

CA1 head CA1
CA1 body

CA3 head CA3
CA3 body

CA4 head

CA4CA4 body

GC-ML-DG head

GC-ML-DG body

Molecular layer HP-head
Closest structure*

Molecular layer HP-body

HATA HATA

Fimbria Fimbria

Hippocampal tail Hippocampal tail

hippocampal fissure hippocampal fissure

* = voxels in the molecular layer are assigned the label of the closest voxel that is neither molecular layer nor background.

Note. This table details the unilateral segmentations of hippocampal subfields within the volume labelled as “CA", along with associated hippocampal

structures. Subfield CA2 is incorporated into CA3. Table is also available at the FreeSurfer Wiki.
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Figure 5.2: Segmentations of the hippocampal formation
Visual representation of the unilateral hippocampal segmentations provided by FreeSurfer under the “CA" scheme, displayed across coronal (C), axial (A), and

sagittal (S) views as well as a 3D rendering from the inferior (I) and superior (S) views. The key for each hippocampal region is provided in the respective colour of

that region. Signed maps (QSM− and QSM+) from which susceptibility values are sampled for each hippocampal region are shown for each orientation (C, A, S).

Susceptibility values are expressed in ppm ranging from 0.0 to +0.05, and negative maps are multiplied by -1 for better visualisation. HATA = hippocampal-amygdala

transition area; CA 1-4 = cornu ammonis regions 1-4 (Note: CA2 is included in CA3).

To standardise each hippocampal subfield mask for data analysis, each participants’
skull-stripped T1w brain image and left and right hemisphere hippocampal masks were
converted from FreeSurfer’s .mgz format to NIfTI format (.nii.gz) using MRtrix3 mrcon-
vert (Tournier et al., 2019). Skull-stripping automated by the FreeSurfer recon was re-run
with additional arguments, including -gcut and adjustments to the watershed threshold
as needed, to improve the accuracy of the original skull-strip. After format conversion,
each participants’ skull-stripped T1w brain image was registered to the CIT168 T1w tem-
plate in MNI152 space (Pauli et al., 2018) using FLIRT (Greve et al., 2009; Jenkinson et al.,
2002; Jenkinson et al., 2001) with 12 DoF. The resulting transformation matrix was then ap-
plied to both the left and right hemisphere hippocampal masks using nearest-neighbour
interpolation to maintain the integrity of discrete hippocampal label boundaries during
transformation. These steps ensured spatial alignment between each of the hippocampal
masks, the signed susceptibility maps, and the CIT168 segmentations of the basal ganglia
provided in MNI152 space (Pauli et al., 2018).

5.3.3 Statistical analyses

Statistical analyses were conducted at the bilateral level using MATLAB (2024a). Average
positive and negative net susceptibility values from both QSM+ and QSM− maps were
extracted from the 16 bilateral segmentations of the basal ganglia. For the 10 hippocampal
regions, left and right hemisphere susceptibility values were extracted and averaged to
yield a bilateral measure. Any ROIs in which indeterminate values were present for any
participant were omitted from subsequent analysis (the PBP for QSM− analyses, and the
HN for QSM+ analyses). There were no missing values for any participants for any hip-
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pocampal ROIs. To evaluate the effects of sr-mTBI compared to HC, two-tailed independ-
ent samples t-tests were performed for each subcortical ROI, assessing group differences
in susceptibility values. To control for multiple comparisons, a Benjamini-Hochberg false
discovery rate (FDR) correction (Benjamini et al., 1995) was applied separately to the 15
p-values corresponding to the remaining basal nuclei (all nuclei except the PBP for QSM−

and HN for QSM+) and the 10 p-values for the hippocampal regions, for each signed
susceptibility map. Since participants were precisely age-matched, age was not treated as
a covariate or confounding factor in between-group comparisons. However, to examine
the associations between QSM values and age across the entire cohort, partial Pearson
correlation coefficients were computed. These analyses assessed the potential linear rela-
tionship between age and both positive and negative susceptibility values across all subcor-
tical ROIs, controlling for group status. Additional relationships were explored between
susceptibility values and sr-mTBI-related variables using Pearson correlation coefficients,
including BIST scores and injury latency (days since injury; DSI), for clinical participants
only. Due to missing BIST data, mTBI-17 was excluded from analyses related to injury
severity (see Table 5.1). Negative susceptibility values were multiplied by -1 to convert
them to absolute values, ensuring a consistent directional interpretation in all correlational
analyses and more intuitive visualisation. Correlations were also corrected for 15 and 10
ROI-wise comparisons, respectively, using FDR procedures (Benjamini et al., 1995). Given
the limited sample size and the need to conserve DoF in this exploratory study, regression
analyses were deliberately omitted.

5.4 results

5.4.1 Regional analyses

Using two-tailed independent samples t-tests, differences in bilateral regional net suscept-
ibility (positive and negative) were examined for each of the hippocampal subfields and
basal nuclei. P-values were corrected for 10 and 15 comparisons, respectively, using FDR
procedures (Benjamini et al., 1995) (pFDR).

5.4.1.1 Basal nuclei

Results showed no significant differences in positive or negative susceptibility between
sr-mTBI participants and HC for any of the basal nuclei (pFDR > 0.05; see Fig. 5.3).

5.4.1.2 Hippocampal subfields

There were no significant differences in positive susceptibility between groups for any of
the 10 hippocampal subfields (see Fig. 5.3). Negative susceptibility values were signific-
antly less negative for sr-mTBI participants (M = -0.007, SD = 0.002) than HC (M = -0.008,
SD = 0.001) in the CA4 only (t(48) = -2.99, pFDR = 0.04). No significant differences between
groups in negative susceptibility values were found for any other hippocampal ROI.
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Figure 5.3: Mean susceptibility values in the hippocampal and basal ROIs
⋆ = significant differences between groups; ⊙ = regions omitted from further analysis due to indeterminate ROI-wise values for any participant.

Bar plots showing the mean susceptibility values for mTBI (red bars) versus HC (blue bars) for: 1. Hippocampal subfields, and; 2. Basal ganglia, for both A) positive

and B) negative susceptibility maps. Susceptibility is measured in ppm. pFDR = statistical significance (p-value) after false discovery rate (FDR) correction.

5.4.2 Bilateral regional correlations

Partial Pearson correlation coefficients were used to assess the relationship between age
and both positive and negative susceptibility for the 10 hippocampal and 15 basal segment-
ations, controlling for group status. Additionally, correlations between both susceptibility
signs and 1) BIST scores as an indicator of injury severity, and; 2) DSI at the time of the
MRI scan as a marker of injury latency, were conducted for the mTBI sample only. Neg-
ative susceptibility was transformed to absolute values to better represent relationships
between variables. P-values were adjusted separately for the 10 hippocampal subfields
and 15 segmentations of the basal nuclei using FDR methods (Benjamini et al., 1995).

5.4.2.1 Age

No statistically significant correlations were observed between age and positive susceptib-
ility values for any hippocampal ROI, however, a significant positive correlation between
age and absolute negative susceptibility in the fimbria (r(48) = 0.42, pFDR = 0.03) was
observed, suggesting age-related increases in negative susceptibility (i.e., susceptibility be-
comes more negative with age) (see Fig. 5.4).
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Figure 5.4: Significant correlations: Age and
susceptibility values in the Fimbria

Scatter plot illustrating the statistically significant correlation between negative

(absolute) susceptibility values in the hippocampal fimbria and age. A line of

best fit (black) highlights the trend. 95% confidence interval bars (red) indicate

the predicted range for true values, providing a measure of uncertainty in the

model.

Results indicated significant age-
related increases in positive suscept-
ibility values in several basal regions,
including the putamen (r(48) = 0.64,
pFDR < 0.001), caudate (r(48) = 0.50,
pFDR = 0.001), red nucleus (r(48) =
0.66, pFDR < 0.001), PBP (r(48) =
0.40, pFDR = 0.02), and ventral pal-
lidum (r(48) = 0.35, pFDR = 0.04) (see
Fig. 5.5).

Significant positive correlations
were also evident between age and
absolute negative susceptibility in
the caudate (r(48) = 0.39, pFDR =
0.04) and extended amygdala (r(48) =
0.51, pFDR = 0.002) suggesting that
susceptibility in these regions tends to
increase (become more negative) with
age. Significant negative correlations
were also observed between age and
absolute negative susceptibility values
in the ventral pallidum (r(48) = -0.37,
pFDR = 0.04), suggesting that suscept-
ibility tends to decrease (become less
negative) with age (see Fig. 5.5).
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Figure 5.5: Significant correlations: Age and susceptibility values in the Basal Ganglia
Scatter plots illustrating the statistically significant correlations between both 1. Positive and 2. Negative absolute susceptibility values and age in basal ROIs. A line

of best fit (black) highlights the trend. 95% confidence interval bars (red) indicate the predicted range for true values, providing a measure of uncertainty in the

model.

5.4.2.2 Injury severity and injury latency

No statistically significant correlations were observed between both positive and negat-
ive absolute susceptibility values and either DSI or BIST scores, for any basal nuclei or
hippocampal subfield.
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5.5 discussion

Despite the vulnerability of the striatum and other deep nuclei to mechanical strain, cyto-
skeletal damage, and secondary metabolic disruptions after mTBI, all of which are risk
factors for iron accumulation, previous QSM research has not yet achieved the anatomical
specificity necessary to extensively characterise mTBI-related alterations to tissue content
in the subcortical grey matter. To address this limitation, I performed a highly detailed seg-
mentation of the basal ganglia alongside the first QSM analysis of the distinct hippocam-
pal subfields in mTBI. QSM images were thresholded for inter-voxel sign prior to analysis.
Between-group comparisons showed no significant differences between mTBI participants
and controls for either susceptibility sign in the basal ganglia, or for positive sign in the
hippocampal subfields. However, the hippocampal CA4 region exhibited significantly de-
creased (less negative) negative susceptibility values for the mTBI group relative to HC.
Correlational analyses also revealed no significant associations between either susceptib-
ility sign and injury latency or severity in the mTBI group within any ROI. Congruent
with expected age-related trends, positive susceptibility values in the putamen, caudate,
parabrachial pigmented nucleus, ventral pallidum, and red nucleus increased with age.
Age-related increases in negative susceptibility were also apparent in the hippocampal
fimbria, the caudate, and the extended amygdala, but decreased with age in the ventral
pallidum.

5.5.1 Negative susceptibility is decreased in CA4 after mTBI

The hippocampal CA4 region is particularly susceptible to both tau pathology in CTE
(Cherry et al., 2021; Murray et al., 2022) and associated local dendritic swelling which are
considered supporting features for diagnosis (Bieniek et al., 2021; McKee et al., 2016). As
a microtubule-associated protein, tau is a promising early indicator of axonal injury in
mTBI (Flavin et al., 2023). While focal accumulation of tau would likely result in increased
negative susceptibility on QSM (O’Callaghan et al., 2017; Z. Zhao et al., 2021), the obser-
vation of decreased negative susceptibility in CA4 reported here nonetheless supports an
axonal-injury model. This type of injury is characteristic of both TBI (Johnson et al., 2013)
and mTBI (Inglese et al., 2005), and is associated with disruptions of the myelin sheath
(Maxwell et al., 2003b; Maxwell et al., 1999) or demyelination as demonstrated in both an-
imal models (Bramlett et al., 2002) and human QSM studies investigating sr-mTBI (Weber
et al., 2018). Although density of myelinated fibers is relatively low in the hilus (CA4)
(Ábrahám et al., 2010), disruptions to myelination in this region could plausibly account
for localised decreases in negative susceptibility, suggesting this area could be vulnerable
to axonal damage during mTBI and could speculatively represent an acute component of
the injury cascade that culminates in tauopathy as a downstream pathological event later
in life for some people.

Other plausible explanations for decreased negative susceptibility after mTBI could be
related to phagocytosis of stressed cells and their components, including myelin. Microglia
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and macrophages are known to target and phagocytose distressed but still viable cells,
even in the absence of cell death (Yu et al., 2022). This could result in a reduction in neg-
ative susceptibility if cells within a ROI are particularly sensitive to even mild injury and
resultant distress signalling. Indeed, research suggests that the CA4 region is selectively
vulnerable to sustained cell loss after head injury (Lowenstein et al., 1992; Maxwell et al.,
2003a). Of particular relevance to this hypothesis, the hilus contains glutamatergic mossy
cells and GABAergic somatostatin-expressing hilar interneurons which are highly vulner-
able to damage and excitotoxicity in temporal lobe epilepsy, TBI, and mTBI (Grovola et al.,
2020; Santhakumar et al., 2000; Scharfman, 2016). Indeed, murine models demonstrate irre-
versible loss of somatostatin-expressing hilar interneurons within just four hours of injury
(Lowenstein et al., 1992).

In addition, mossy cells, unique to the hilus, are especially predisposed to metabolic dis-
ruptions and excitotoxicity, as well as premature neurodegenerative processes (Scharfman,
2016). Murine models also demonstrate the link between TBI and damage to hilar mossy
cells, the “irritable mossy cell" hypothesis, which may account for the memory-related
impairments observed after TBI (Santhakumar et al., 2000; Scharfman, 2016). Mossy cells
also express proteins that may be implicated in depression, and reductions in mossy cells
may increase levels of anxiety (Scharfman, 2016); both of which are mood-related symp-
toms of mTBI (Rosenbaum et al., 2012). Whilst speculation is interesting, in the absence of
histological analysis, the precise pathological mechanisms cannot be accurately character-
ised. However, at minimum the results presented here support prior research noting the
vulnerability of the hippocampus, and in particular the CA4, to mTBI-related pathology.

5.5.2 Exploring null results: mechanisms of tissue susceptibility changes and evidence from the
literature

5.5.2.1 Positive susceptibility in subcortical grey matter

This, and other (Bell et al., 2024; Gong et al., 2018; Koch et al., 2018; Koch et al., 2021; Pinky
et al., 2022; Wright et al., 2022; Zivadinov et al., 2018a), QSM investigations have found no
significant evidence of increased susceptibility indicative of iron accumulation in the basal
nuclei or hippocampus after mTBI. However, iron accumulation as a pathologic feature of
mTBI in many of these regions is well documented, contradicting the lack of iron-related
findings reported here. For example, an iron-sensitive magnetic field correlation (MFC)
study (Raz et al., 2011) reported iron accumulation in the globus pallidus and thalamus
following mTBI. Investigations using SWI have also identified iron deposition in the caud-
ate, thalamus, right substantia nigra, red nucleus, lenticular nucleus, splenium of the cor-
pus callosum, and hippocampus in chronic mTBI, concomitantly linking accumulations in
the substantia nigra with cognitive dysfunction (Lu et al., 2015). Studies using T∗

2 imaging
have identified iron deposition in cortical, subcortical (left putamen, bilateral hippocam-
pal), and brainstem regions (Nikolova et al., 2022), along with reports of accumulation in
the lateral geniculate nucleus of the thalamus (Chong et al., 2023), with both studies citing
associations between elevated iron and post-mTBI headache symptomatology.

80



5.5 discussion

Additionally, animal models of controlled cortical impact TBI have demonstrated iron
deposition in the thalamus ipsilateral to the impact site upon histological examination,
with focal depositions co-localising T2 hypointensity on MRI (Onyszchuk et al., 2009). Mur-
ine models also report the vulnerability of the hippocampus to oxidative stress and syn-
aptic protein modification, underscoring not only the regional susceptibility to traumatic
injury mechanisms, but also identifying a potential role of iron in the generation of cyto-
toxic free radicals (Ansari et al., 2008). Post-mortem studies have also provided evidence
of iron accumulation in hippocampal NFTs in CTE (Bouras et al., 1997), as well as abnor-
mal haemosiderin-laden macrophages near small vessels in the frontal and temporal lobes
less than one year post-injury, indicating ferritin-bound non-haem iron deposition (Bigler,
2004) which is corroborated by recent research noting the presence of L-ferritin-positive
astrocytes proximal to CTE lesions (Osterman et al., 2025). Despite these studies highlight-
ing the vulnerability of the basal nuclei and hippocampus to iron-mediated pathology at
multiple stages post-injury, an absence of significant group differences in positive suscept-
ibility observed in this study may suggest a general protective effect conferred by the deep
subcortical location of these regions.

It is also reasonable to suggest that the absence of between-group differences in iron
markers may reflect the influence of normal age-related increases in iron (for a review, see
Madden et al., 2023), which could obscure subtle mTBI-specific effects. Age-related iron
deposition is particularly pronounced in the basal nuclei and most evident within the age
range of participants in this study, as discussed in more detail further below. This shared
characteristic among younger individuals may explain the lack of significant group differ-
ences in iron-related markers. In contrast, the general lack of age effects in hippocampal
regions and the resultant sensitivity to disruptions in negative susceptibility in the CA4
region supports the hypothesis that changes to biomagnetism which are common to all
participants may obscure injury-related susceptibility effects. Consequently, the unique al-
teration to negative susceptibility values in the hippocampal CA4 thus likely reflect specific
pathological consequences of mTBI.

In keeping with these observations, thresholding bulk magnetic susceptibility may have
enabled the isolation and identification of weaker negative susceptibility effects, which
could otherwise have been diluted or overshadowed by stronger positive susceptibility sig-
nals during analysis (Ravanfar et al., 2021). This could also account for the lack of signific-
ant differences reported in previous studies where neither more rudimentary thresholding
or true magnetic source separation techniques were employed to generate separate sign-
wise maps (Bell et al., 2024; Gong et al., 2018; Koch et al., 2018; Koch et al., 2021; Pinky et al.,
2022; Wright et al., 2022; Zivadinov et al., 2018a), providing support for intra- or inter-voxel
susceptibility separation techniques, depending on the data acquisition parameters.

5.5.2.2 Negative susceptibility in subcortical grey matter

There was no evidence of increased negative susceptibility in the subcortical grey mat-
ter following mTBI. However, alterations to varying biomagnetic substrates following TBI
have previously been characterised in murine models using QSM and R∗

2 imaging along-
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side histological examinations to assess changes not only to iron, but also myelin and
calcium (Chary et al., 2021). These models have demonstrated concurrent iron and cal-
cium accumulation, as well as demyelination after impact. These findings are reinforced
by additional in vivo and ex vivo murine models of TBI also reporting significant calcifica-
tions, which are proposed as an indirect measure of inflammation (Lehto et al., 2012) and
microglia activation (Gayoso et al., 2003) following injury. Of particular interest, studies
have noted that calcifications often co-localise with paramagnetic iron in TBI (Chary et al.,
2021). This finding underscores the complex interplay of tissue components affected by
mTBI and highlights the contribution of both paramagnetic and diamagnetic substrates to
injury pathology. This further validates the need for either source separation, if data are
acquired with multi-echo sequences (Ahmed et al., 2023; J. Chen et al., 2021; Emmerich
et al., 2021; J. Lee et al., 2024; Z. Li et al., 2023; Shin et al., 2021), or single-echo-compatible
voxel-wise thresholding (Merenstein et al., 2025; Merenstein et al., 2024), in QSM research
to differentiate these overlapping effects and better elucidate underlying biological mech-
anisms.

Aβ and tau, two proteins with diamagnetic properties (Gong et al., 2019; O’Callaghan
et al., 2017; Z. Zhao et al., 2021), have been associated with both acute injury pathology and
later neurodegenerative processes, and are known to co-localise with iron in AD (Madden
et al., 2023) and CTE (Bouras et al., 1997). Tau is a promising fluid biomarker for axonal
injury in mTBI (Flavin et al., 2023), and both fluid tau (Ost et al., 2006; Rubenstein et al.,
2017) and Aβ can accumulate at the acute stage of TBI (Johnson et al., 2010). Focal accu-
mulations may be present in the entorhinal cortex, hippocampus, and striatum (caudate
and putamen) as evidenced by positron emission tomography (PET) studies of TBI (Dy-
bing et al., 2023). The aggregation of both proteins would likely produce differences in
negative susceptibility. However, systematic reviews have noted inconsistencies between
studies regarding the presence or absence of Aβ as a pathologic feature of TBI (Dybing
et al., 2023), and similar conflicting evidence exists regarding the biodynamics of tau in
mTBI, with some studies suggesting elevations within hours-to-days, and others indicat-
ing no difference between individuals with mTBI and controls acutely after injury (Flavin
et al., 2023). These factors may have contributed to the absence of quantifiable increases
in negative susceptibility in the present study. Alternatively, and perhaps more plausibly,
the results presented here indicate that Aβ and tau are not present in this young cohort
imaged at the acute stage of a mild head injury (Rodrigue et al., 2009; Schöll et al., 2016).

5.5.3 Age-related alterations in subcortical biomagnetic substrates are region-specific

5.5.3.1 Temporal biodynamics of subcortical positive susceptibility

Iron increases throughout the lifespan as a function of normal ageing (Ashraf et al., 2018;
Gong et al., 2015; Hallgren et al., 1958; G. Li et al., 2023; Madden et al., 2023; Persson et al.,
2015; Treit et al., 2021). Particularly steep increases in brain iron content are present in
the red nucleus and substantia nigra within the first 20 years of life, the globus pallidus
at approximately 30 years, with maximal values reached in the putamen and caudate at
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approximately five to six decades after birth (Hallgren et al., 1958). This histological study
is supported by extensive QSM investigations (Madden et al., 2023), for example, QSM
and R∗

2 mapping have demonstrated susceptibility increases in the putamen and globus
pallidus throughout adulthood, with values in the caudate peaking in the third decade
(Treit et al., 2021). Other QSM studies have evidenced increased susceptibility values in
the caudate, putamen, globus pallidus, red nucleus, and substantia nigra in healthy older
populations relative to younger samples (Bilgic et al., 2012). Both imaging and histological
studies support the biological plausibility of correlational results presented here, particu-
larly within the caudate, putamen, and red nucleus (Madden et al., 2023). This study also
extends the existing literature through the observation of additional age-related positive
susceptibility increases in the parabrachial pigmented nucleus and ventral pallidum. The
correlational findings presented here, and evidence from the literature more broadly, sug-
gest that a younger cohort is particularly prone to iron deposition as a shared characteristic,
irrespective of mTBI status. For hippocampal regions, on the other hand, age-related iron
accumulation apparent in previous research (Ashraf et al., 2018; Hagemeier et al., 2012;
Madden et al., 2023; Zecca et al., 2004) was not reflected in the results of this study, poten-
tially due to a likelihood of more subtle effects in these regions, coupled with the limited
age range of this sample.

5.5.3.2 Temporal biodynamics of subcortical negative susceptibility

The temporal dynamics of diamagnetic substrates are relatively under-investigated in
QSM, making inferences far less substantive than those related to paramagnetism and iron.
Although myelin is the main source of negative susceptibility on QSM (Deh et al., 2018), it
is unlikely that increases in negative susceptibility reflect age-related increases in myelin
content. Whilst developmental myelination of axons is apparent up until approximately 30
years of age, this protraction of normal processes is generally restricted to prefrontal cor-
tical regions (Moulson et al., 2008). In other brain regions, steep increases in myelin content
are most apparent in the first months of life, after which time any disparities between age
groups are unlikely to produce noticeable differences in tissue contrast on MRI (Branson,
2013). Age-related kinetics of Aβ and tau aggregation point toward similar conclusions.
While deposits of Aβ have been detected in the brains of individuals as young as 20 years
old (Baker-Nigh et al., 2015), it is typically a feature associated with older age, and has been
noted in both the presence and absence of cognitive dysfunction (Rodrigue et al., 2009); a
similar pattern to that observed in tau accumulation (Schöll et al., 2016). As such, trends
for increasing negative susceptibility with age are unlikely to be related to proteinopathy.
Here, reasonable speculation suggests that the positive relationship between negative sus-
ceptibility and age in the caudate, extended amygdala, and hippocampal fimbria may be
related instead to calcifications in these regions. This is supported by a body of work high-
lighting age-related calcifications in the basal ganglia (Monfrini et al., 2023; Saade et al.,
2019) and hippocampus (Wegiel et al., 2002) in healthy individuals. However, the paucity
of granular segmentations in the wider literature makes drawing parallels with the present
research more difficult.
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Conversely, the decrease in negative susceptibility as a function of age in the ventral pal-
lidum may be related to myelin changes. The ventral pallidum contains both neuronal cell
bodies and myelinated axons for rapid signal transmission (Heimer et al., 2006; Kupchik et
al., 2017; Root et al., 2015). Although literature related to age-induced demyelination spe-
cific to this region does not abound, investigations of myelin biodynamics more broadly
suggests a 10% decrease per decade between the ages of 20 and 80 (Marner et al., 2003),
which may account for the moderate effects evident here.

5.5.4 Injury latency and severity do not affect subcortical tissue magnetic susceptibility

While research suggests a negative correlation between iron deposition and cognitive abil-
ity following mTBI (Lu et al., 2015), self-reported injury severity is often misaligned with
objective markers of pathology, including on neuroimaging (McCrea et al., 2017; Shenton
et al., 2012). Alongside the under-reporting of symptoms that often occurs following a
sr-mTBI (Kroshus et al., 2015; Meier et al., 2015), these factors could confound results and
contribute to the lack of correlation between positive or negative susceptibilities and both
BIST scores and injury latency variables observed here. However, the use of an inter-voxel
thresholding approach applied to traditional QSM maps may still be insensitive to the
more subtle changes in tissue composition, which are better estimated using contemporary
susceptibility source separation techniques (see, for example, Emmerich et al., 2021; Shin
et al., 2021). Additionally, the lack of correlation between positive or negative susceptibilit-
ies and injury latency suggests that mTBI-related neuropathology may be time-dependent
and more evident at subacute and chronic stages. Additional longitudinal research may
be needed to better represent associations between injury latency and alterations to brain
tissue content.

However, this may also be related to a generalised protective effect conferred by the
surrounding cerebrum. The cortex is vulnerable to a diverse range of injury mechanisms
and downstream pathology in mTBI, including acute mechanical deformation and sulcal
“water hammer" injury, which may be implicated in cortical atrophy and tauopathy in
CTE (Kornguth et al., 2017; McKee et al., 2023; D. H. Smith et al., 2013). It is therefore not
unreasonable to suggest that cortical, rather than subcortical, brain tissue content changes
may be more predictive of adverse symptomatology after mTBI; a hypothesis addressed
in Chapter 6 and Chapter 8.

5.5.5 Limitations and future research

The absence of elevations in positive or negative net susceptibility following mTBI sug-
gest that iron deposition, calcifications, or focal aggregation of proteins such as tau and
Aβ may not be present at the acute stage of injury. However, aforementioned research
provides strong evidence that head injury more broadly, and even mild instances, can lead
to diverse changes across biomagnetic substrates. This suggests that several factors may
have inhibited the detection of changes in this research. Firstly, focal accumulations of
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iron, calcium, or proteins may better characterise chronic or later-life effects rather than
acute pathophysiology, as evidenced by neuroimaging studies where differences in iron
deposition were apparent at an average of 559 days post-injury (Raz et al., 2011). Secondly,
tau elevations are most commonly reported in cases of repeated exposure to head injuries
(Flavin et al., 2023) and tau oligomer polymorphisms are expressed differently in single
versus repetitive mTBI (Bittar et al., 2019). However, in the absence of prior injury data,
the study design precluded stratification of mTBI participants according to prior mTBI
exposure. Without this information, detection of negative susceptibility changes and the
potential relationship with tau pathology may be inhibited. Future studies should consider
longitudinal research designs tracking athletes’ exposure to head injury to better elucidate
the cumulative and temporal effect of mTBI on biomagnetic substrates.

Notwithstanding the detail of the segmentations used in this study relative to previous
more macroscopic investigations, the spatial resolution of the susceptibility maps may still
limit detection of microstructural alterations. Because the susceptibility value at each voxel
in a QSM image is obtained by convolving the susceptibilities of neighbouring voxels
with a dipole kernel, each voxels susceptibility value is influenced by the surrounding
susceptibility distribution (Y. Wang et al., 2015), and thus resolutions of 1 mm and above
may hinder the detection of the subtle pathophysiological changes associated with mTBI
(Karsa et al., 2019a). However, a 1 mm isotropic voxel resolution still meets the minimum
criteria for best-practice QSM (Bilgic et al., 2024) and the confounding effects related to
resolution may not be as severe as other QSM-based investigations (Bell et al., 2024; Gong
et al., 2018; Koch et al., 2018; Koch et al., 2021; Zivadinov et al., 2018a).

The use of single-echo QSM restricted voxel thresholding to an inter-voxel approach. As
a result, the presence of multiple biological substrates with opposing magnetic properties
within voxels may have confounded results by representing an aggregate of all suscept-
ibility sources. These bipolar contributions within voxels cannot be disambiguated, and
thus analysed, without multi-echo acquisitions (Ahmed et al., 2023; J. Chen et al., 2021;
Emmerich et al., 2021; J. Lee et al., 2024; Z. Li et al., 2023; Shin et al., 2021). This was also
a likely cause of missing values in certain ROIs comprised primarily of either positive
or negative susceptibility sources, such as the habenular nuclei or parabrachial pigmen-
ted nucleus (see Fig. 5.3). Thresholding these extremely polarised regions may result in
indeterminate values for the non-dominant sign for some participants, which may be fur-
ther exacerbated by the size of ROIs, like the relatively small habenular nuclei. The use of
multi-echo acquisitions would likely also resolve this limitation.

In addition, while the hippocampal (Iglesias et al., 2015) and basal ganglia (Pauli et
al., 2018) atlases offer robust segmentations, several limitations are associated with these
approaches. First, the hippocampal segmentations provided via FreeSurfer (Fischl, 2012)
were developed from a small number of donors (10 for HC, up to 15 when including mild
cognitive impairment and AD subjects), with advanced age at death (60–91 years), which
may result in hippocampal atrophy influencing the delineations. Furthermore, even with
ultrahigh resolution MRI, some regional boundaries are not clearly visible in the training
data. Similarly, for the basal ganglia atlas, some fine anatomical details may be lost, po-
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tentially leading to inaccuracies in boundary delineation. Although manual delineation
is considered the gold standard, it requires extensive anatomical expertise and is prohib-
itively time-consuming (Morey et al., 2009). Recent advances in deep-learning-based hip-
pocampal segmentation have shown promise (Schell et al., 2023); however, given that the
current cohort is unlikely to exhibit gross hippocampal atrophy or other dramatic struc-
tural alterations, these advanced approaches may be more beneficial in samples where
such abnormalities are expected.

Lastly, group-level analyses may obscure individual neuropathology and inter-
individual heterogeneity in mTBI (Bedggood et al., 2024; Domínguez et al., 2024); a limita-
tion addressed with the individualised analyses presented in Chapter 7 and Chapter 8.

5.6 conclusions

This research builds upon previous QSM studies of mTBI by presenting the first assess-
ment of mild injury effects specifically in the hippocampal subfields, and offers the most
detailed segmentation of the basal ganglia to date. Here, both positive (iron-related) and
negative (myelin-, calcium-, and protein-related) net susceptibility maps were utilised to
better understand the impact of mTBI on biological substrates with differing biomagnetic
profiles. Results revealed mTBI-related decreased negative susceptibility in the hippocam-
pal CA4, indicating potential disruption to myelin or vulnerable cell populations in this
region which may represent a component of the degenerative injury cascade. The absence
of significant increases in either susceptibility sign as a marker of mTBI pathophysiology
may reflect a general protective effect of subcortical location within the brain, the confound-
ing effect of age-related susceptibility changes common to all participants, or the potential
loss of clinically relevant information in the current group-wise statistical approach, which
may obscure heterogeneous microstructural tissue alterations. Finally, results from correla-
tional analyses support and extend prior literature regarding age-related iron deposition in
subcortical grey matter and contributes to the sparse literature on the relationship between
negative susceptibility values and age.
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6
C H A R A C T E R I S I N G P O S I T I V E A N D N E G AT I V E
Q U A N T I TAT I V E S U S C E P T I B I L I T Y VA L U E S I N T H E
C O RT E X F O L L O W I N G M T B I : A D E P T H - A N D
C U RVAT U R E - B A S E D S T U D Y

6.1 motivation

The previous chapter demonstrated a general lack of significant findings within the sub-
cortical grey matter regions, with the exception of the hippocampal CA4, aligning with
a similar deficit of significant results characteristic of the QSM-mTBI literature. However,
the limited findings may also reflect an overemphasis on deep grey matter structures, po-
tentially overlooking other brain regions that could be crucial for identifying loci of grey
matter micropathology following mTBI. In Chapter 6, the investigation is extended beyond
traditional subcortical regions to the cerebral cortex; a region highly vulnerable to mTBI-
related damage, yet largely neglected in QSM-based studies. Where cortical ROIs have
been included, study designs have lacked the anatomical specificity required to investig-
ate cortical architectonics, which may contribute to focal tissue disruption. In this chapter,
I use depth- and curvature-specific column-based analyses to characterise susceptibility
variations in the cerebral cortex, providing more precise localisation than a traditional
whole-ROI framework. This chapter not only elucidates the role of biomagnetic substrates
in cortical micropathology following mTBI and the vulnerability of this region, but also
has implications for understanding the longer-term effects of mTBI. A summary of this
chapter is presented in § 6.6.
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6.2 introduction

Studies using QSM to investigate mTBI effects have largely overlooked the cortex (see
Chapter 3). Where this structure has been investigated, the use of voxel-wise comparis-
ons (Gong et al., 2018) or gross segmentations (Pinky et al., 2022) have been naïve to
the architectonics and potentially heterogeneous distributions to cellular elements within
the cortical layers. Significantly more anatomical precision is needed to detect depth- or
curvature-specific differences in magnetic susceptibility within the cortical mantle after
mTBI.

More sophisticated analysis of the cortex is likely excluded from investigation due to
several methodological challenges primarily related to complex cortical architectonics.
Differentiating myeloarchitecture, cytoarchitecture, and cortical laminae using ultrahigh-
field, high resolution MRI (such as that acquired at 7T or higher) is a developing area
in neuroimaging research (Waehnert et al., 2016). Currently, however, 7T MRI is not as
widely available, and clinical MRI data are more typically acquired on scanners of lower
field strengths such as 3T or 1.5T (Straub et al., 2019). At magnetic field strengths of 3T
or lower, and supra-millimetre voxel resolutions, analysis of specific cortical laminae is
inhibited. However, column-based analytic techniques (Y. Ma et al., 2023; Merenstein et al.,
2025; Merenstein et al., 2024; Northall et al., 2023; Sui et al., 2022; Waehnert et al., 2014)
enable depth-wise investigations of magnetic susceptibility in the cerebral cortex and are
already producing promising results in AD research (Merenstein et al., 2024).

To address these research gaps, this chapter presents the first architectonically-motivated
QSM analysis of cortical mTBI effects via depth- and curvature-specific column-based ana-
lysis. This study aimed to: 1) assess regional patterns of positive (iron-related) and negat-
ive (myelin-, protein-, calcium-related) magnetic susceptibility as a marker of acute cortical
pathology after sr-mTBI, and; 2) understand the relationship between magnetic susceptib-
ility in the cerebral cortex and variables such as age, injury latency, and severity. Based
on prior literature, I hypothesised that differences in susceptibility would likely be evid-
ent in the frontal and temporal cortices, which are reported to be susceptible to injury in
mTBI and are among the first to show degenerative effects of brain injury. This distribution
should be most prominent in the sulcal fundus due to increased vulnerability to trauma-
induced deformation. Based on known effects of age on cortical iron deposition in this age
range (Hallgren et al., 1958), positive susceptibility values were hypothesised to show a
positive relationship with age. However, due to the novel nature of this approach within
the domain of QSM for mTBI, analyses remained largely exploratory and without specific
a priori hypotheses.

6.3 materials , methods , and participants

For details on ethical approval, recruitment, inclusion and exclusion criteria, data col-
lection, radiological clinical scan review, and participant sample characteristics, refer to
Chapter 5 and Table 5.1. Image acquisition and sequence details are provided in Chapter 5.
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6.3.0.1 Anatomical image processing

Bias field-corrected T1w images were processed using FreeSurfer’s (Fischl, 2012) recon-all
pipeline to 1) delineate pial and GM/WM boundary meshes, and; 2) generate estimates of
cortical thickness and curvature for each vertex (Merenstein et al., 2024). To enhance the
accuracy of both the initial FreeSurfer skull-strip (Fischl, 2012) and the automatically gen-
erated pial surface mesh, skull-stripping was re-run with -gcut, and watershed threshold
adjustments were applied as needed (see Chapter 5).

6.3.0.2 QSM processing

QSM image reconstruction, skull-stripping of the raw magnitude images, thresholding of
QSM images, and erosion of non-brain signal around the brain perimeter do not devi-
ate from those summarised in Chapter 5. In this study, as well as the one presented in
Chapter 8, erosion is particularly important for mitigating noise and PVE, which can oth-
erwise confound the accuracy of cortical susceptibility measurements close to the cortical
surface. For this cortical study, skull-stripped T1w images were used for the linear core-
gistration of the magnitude image to T1w native space using FLIRT (Greve et al., 2009;
Jenkinson et al., 2002; Jenkinson et al., 2001) with 12 DoF. Due to variability in acquisition
parameters, FoV, and matrix size between participants’ T1w and magnitude images (see
Chapter 5), the 12 DoF linear registration provided more accurate alignment compared to
the 6 DoF alternative, allowing for better compensation of non-rigid anatomical variations
upon visual inspection. The resulting transformation matrix was used for spatial norm-
alisation of the QSM images to T1w space, effectively upsampling the QSM images. As
the analyses are based on cortical depth rather than voxel-wise comparisons, upsampling
was not considered a concern. QSM maps were then thresholded into separate maps of
dominant sign voxel-wise sign with fslmaths for analysis.

6.3.0.3 Cortical column generation

To generate cortical columns and sample signed susceptibility values, I used a pipeline
previously applied to diffusion-weighted imaging (DWI) data analysis (Y. Ma et al., 2023)
and recently adapted for use with QSM (Merenstein et al., 2024). First, the T1w FreeSurfer
(Fischl, 2012) recon served as an input into the easy_lausanne tool. This stripped-down fork
of the open-source Connectome Mapper (Daducci et al., 2012) separates the cortex into
five atlases, ranging from 34 to 250 ROIs per hemisphere, according to the Lausanne multi-
scale atlas (Cammoun et al., 2012). For subsequent analyses, we focused on the atlas with
34 ROIs per hemisphere, which is equivalent to the Desikan-Killiany atlas (Desikan et al.,
2006) native to FreeSurfer (Fischl, 2012).

Cortical columns were created for each hemisphere in T1w space with write_mrtrix_tracks
(Tournier et al., 2019) in MATLAB (version R2024a), which was used to connect vertex
pairs between the pial and GM/WM boundary surface meshes. As such, use of the term
“column" in this context denotes a straight line orthogonal to the cortical surface (Meren-
stein et al., 2024), extending from the pial surface to the GM/WM boundary, rather than
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implying distinct cortical cytoarchitecture (Brodmann, 2005). Each cortical column was
segmented into 21 equidistant depths, each with a step size of 5% of the cortical thickness
(Waehnert et al., 2016; Waehnert et al., 2014), from the pial surface to the GM/WM bound-
ary using MRtrix3 tckresample (Tournier et al., 2019). It is important to distinguish res-
ults produced using this approach from ultrahigh-field investigations of cyto- and myelo-
architecture in the cerebral cortex; results described herein are related to cortical depth,
rather than layer. The columns were categorised based on cortical curvature, derived from
FreeSurfer’s (Fischl, 2012) Gaussian curvature values at each GM/WM boundary vertex
(Pienaar et al., 2008) and quantified in units of 1/mm2. The categories included the gyral
crown (curvature values: -0.6 to -0.1), sulcal bank (-0.1 to 0.1), and sulcal fundus (0.1 to 0.6),
as well as a combined measure (-0.6 to 0.6) (Merenstein et al., 2024). Positive curvature val-
ues indicated sulci, while negative values indicated gyri, with higher values correspond-
ing to deeper curvatures (Merenstein et al., 2024). Only columns ranging from 0.5 mm to
6 mm in length were included in the analysis to capture plausible cortical morphology
(Fischl et al., 2000) while reducing some PVE. Depth was measured in percentage of cor-
tical thickness rather than absolute metrics (mm) to mitigate any variability between mTBI
participants and controls. The pipeline for image processing and generation of cortical
columns is summarised in Fig. 6.1.

Figure 6.1: Image processing pipeline
Steps are performed independently and in parallel for each participant. Quantitative susceptibility maps were reconstructed from magnitude and phase images

using QSMxT, and eroded by the skull-stripped, binarised magnitude image mask to remove non-brain sources of susceptibility. QSM images were then aligned

to T1w images, and thresholded into positive and negative susceptibility maps. FreeSurfer recon was used on bias field-corrected T1w images to produce pial and

GM/WM boundary surface meshes, and vertex pairs were then joined to create cortical columns. Parcellations of the cortical grey matter were estimated by feeding

the T1w FreeSurfer recon into easy_lausanne. Columns were then assigned specific ROIs and curvature bins, and used to sample susceptibility from thresholded QSM

maps. Susceptibility is measured in ppm. QSM = quantitative susceptibility mapping; GM/WM = grey matter/ white matter boundary; ROI = region of interest.
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6.3.1 Statistical analyses

To provide a detailed analysis of microstructural differences associated with sr-mTBI while
maintaining result granularity, analyses were performed at the bilateral regional level us-
ing MATLAB (2024a). Average positive and negative susceptibility values were extracted
from 21 cortical depths for all 34 ROIs. Each ROI was analysed by independent curvature
bin (gyral crown, sulcal bank, and sulcal fundus) as well as combined curvature as a
whole-ROI measure. Between-group analyses were conducted using two-tailed independ-
ent samples t-tests. To control for multiple comparisons and align with prior research (Mer-
enstein et al., 2024), FDR correction (Benjamini et al., 1995) was applied to the p-values for
21 comparisons (one for each depth) for each ROI/curvature profile. Due to precise age-
matching of participants, age was not considered a covariate or confounding variable of in-
terest for between-group comparisons. However, to explore the relationship between QSM
values and age in the entire sample, two-tailed partial Pearson correlation coefficients were
calculated between age and both positive and negative susceptibility values independently
for all 34 curvature-combined ROIs, at each depth, whilst controlling for group effects. To
explore the relationship between susceptibility values and other sr-mTBI-related variables,
two-tailed Pearson correlation coefficients were also calculated between BIST scores and
DSI and both positive and negative susceptibility values independently for the sr-mTBI
sample only. In keeping with Chapter 5, negative susceptibility values were multiplied
by -1 to convert them to absolute values, ensuring a consistent directional interpretation
in all correlational analyses and more intuitive visualisation. mTBI-17 was excluded from
correlations between BIST and both susceptibility signs due to missing data. Correlations
were also corrected for 21 depth-wise comparisons using FDR procedures (Benjamini et
al., 1995). Given the limited sample size and the need to conserve DoF in this exploratory
study, regression analyses were deliberately omitted.

6.4 results

6.4.1 Bilateral depth and curvature

Using two-tailed independent samples t-tests, depth- and curvature-specific between
group differences in bilateral regional susceptibility (positive and negative) were examined
for each of the 34 ROIs (see Fig. 6.2). P-values were corrected for 21 cortical depths for each
ROI/curvature combination using FDR procedures (Benjamini et al., 1995).

6.4.1.1 Positive susceptibility

Across bilateral depth profiles, participants with sr-mTBI exhibited significantly higher
positive susceptibility than controls in the temporal lobe only (see Fig. 6.2A), specifically
in superficial depths of the sulcal bank and fundus of the parahippocampal gyrus, a find-
ing that was conserved when curvature was combined as a whole-ROI measure (see also
Fig. 6.3.1A and Fig. 6.3.2A). Susceptibility was decreased following sr-mTBI in the super-
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ficial gyral crown of the rostral medial prefrontal cortex (mPFC) and superficially in the
frontal pole when curvature was combined. No significant differences between groups
were found in bilateral susceptibility values in parietal, occipital, or insular lobes (pFDR >
0.05).

6.4.1.2 Negative susceptibility

Across bilateral depth profiles, participants with sr-mTBI exhibited significantly less neg-
ative susceptibility than controls in the temporal lobe only (see Fig. 6.2B). This finding
was focal to the superficial depths of the fundus in the parahippocampal gyrus, as well as
when curvature was combined (see also Fig. 6.3.1B and Fig. 6.3.2B). Negative susceptibility
was more negative for participants with sr-mTBI deep in the supramarginal gyral crown
of the parietal cortex only. No significant differences between groups for curvature were
found in the sulcal bank (see Fig. 6.3B). No significant differences were found in bilateral
frontal, occipital, or insular lobes.

Figure 6.2: Depth- and curvature-specific cortical susceptibility differences
Colour maps demonstrate differences in magnetic susceptibility at each cortical depth (where 0% depth is proximal to the pial surface and increases toward the

GM/WM boundary at 100% depth), separately for each curvature bin (crown, bank, fundus) as well as combined curvature as a whole-ROI measure. Two-tailed

independent samples t-tests examined group differences in susceptibility at each depth, for each curvature, at each ROI. P-values were corrected for multiple

comparisons across 21 cortical depths using FDR implementations. A. Positive susceptibility values were significantly more positive for participants with sr-mTBI

than HC in temporal ROIs and significantly less positive in frontal regions only. B. Susceptibility values were significantly less negative for sr-mTBI participants than

controls in temporal ROIs and significantly more negative in parietal ROIs. OFC = orbitofrontal cortex; mPFC = medial prefrontal cortex; STS = superior temporal

sulcus; LOC = lateral occipital cortex; ACC = anterior cingulate cortex. Figure based on Merenstein et al. (2024).
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Figure 6.3: Significant depth- and curvature-specific susceptibility differences
1. Differences in susceptibility values between mTBI participants and controls for significant regions of interest only. A. Positive susceptibility values were significantly

higher for participants with mTBI than HC in superficial depths of the sulcal bank and fundus of the parahippocampal gyrus, as well as when curvature was

combined. Values were significantly less positive for mTBI participants superficially in the gyral crown of the rostral mPFC and the superficial frontal pole when

curvature was combined. B. Susceptibility values were significantly less negative for mTBI participants than controls in the superficial depths of sulcal fundus in

the parahippocampal gyrus, as well as when curvature was combined. Values were significantly more negative after mTBI deep in the supramarginal gyral crown.

Susceptibility is measured in ppm. mPFC = medial prefrontal cortex. 2. Medial visualisation of significant ROIs after mTBI for both positive (A) and negative (B)

susceptibility maps when curvature was combined as a whole-ROI measure. Surface lines demarcate borders between ROIs, projected onto an inflated surface.

Significant ROIs are filled; intensity values relate directly to pFDR significance level. For visualisation purposes, depth was reduced from 21 to 7 by averaging pFDR

values every 3 consecutive depths where 0% is proximal to the pial surface and 100% to the GM/WM interface. pFDR = statistical significance (p-value) after false

discovery rate (FDR) correction.
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6.4.2 Correlations

Partial Pearson correlation coefficients were used to examine the relationship between
age and regional depth-wise susceptibility (positive and negative) for combined curvature
at each ROI across the entire sample, whilst controlling for group status. Additionally,
correlations between susceptibility values and 1) BIST scores as an indicator of injury
severity, and; 2) DSI at the time of the MRI scan as a marker of injury latency, were explored
in the mTBI sample only (see Fig. 6.4). Negative susceptibility was transformed to absolute
values to better represent relationships between variables (see Fig. 6.4B). P-values were
adjusted for 21 cortical depths within each ROI using FDR methods (Benjamini et al.,
1995).

6.4.2.1 Age and bilateral regional susceptibility

Significant positive correlations between age and iron-related positive susceptibility distri-
butions were observed exclusively at deeper cortical depths near the GM/WM interface
(see Fig. 6.4A(i)). In the frontal cortex, regions with statistically significant age-related
increases in positive susceptibility values included the pars orbitalis, pars triangularis,
superior frontal gyrus, paracentral lobule, and precentral gyrus. In the parietal cortex,
significant regions were the superior and inferior parietal lobules, supramarginal gyrus,
and precuneus. In the temporal lobe, significant positive correlations were found in the
parahippocampal gyrus and inferior temporal gyrus. The only cingulate region to exhibit
a positive age-related correlation was the isthmus. No significant positive correlations with
age were identified in any ROIs within the occipital cortex. Conversely, significant negative
correlations between age and positive susceptibility were identified exclusively at superfi-
cial cortical depths near the pial surface, demonstrating an inverse pattern to the positive
correlations. In the frontal cortex, the areas showing significant negative correlations were
the pars orbitalis, pars triangularis, superior frontal gyrus, paracentral lobule, and pre-
central gyrus. In the parietal cortex, the postcentral region exhibited significant negative
correlations. No significant negative correlations between positive susceptibility and age
were apparent in temporal, occipital, or insular ROIs.

Significant positive relationships were also observed between absolute negative suscept-
ibility values and age, primarily in the superficial depths of ROIs across all lobes, which
at times extended to the GM/WM border (see Fig. 6.4B(i)). In the frontal lobe, ROIs ex-
hibiting significant positive correlations between age and negative susceptibility included
the frontal pole, rostral mPFC, caudal mPFC, pars opercularis, superior frontal gyrus, and
precentral gyrus. All examined ROIs in the parietal cortex exhibited significant positive
relationships, namely, in the superior parietal lobule, inferior parietal lobule, postcentral
gyrus, supramarginal gyrus, and precuneus. In the temporal cortex, significant positive
correlations were found in the middle temporal gyrus and temporal pole. All occipital
ROIs showed significant positive correlations, including the LOC, pericalcarine cortex, lin-
gual gyrus, and cuneus. Within the insular cortex, only negative susceptibilities in the
insula demonstrated a significant positive relationship with age. In contrast, significant
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negative correlations with age were observed only in the deeper cortical layers closer to
the GM/WM junction of parietal regions, specifically in the superior parietal lobule and
precuneus.

6.4.2.2 Injury severity and bilateral regional susceptibility

Significant positive correlations between BIST scores and positive susceptibility values
were observed in the mid-depths of the frontal pole and in superficial depths of the bank
of the superior temporal sulcus (STS) (see Fig. 6.4A(ii)). No significant correlations were
observed between negative susceptibility and BIST scores (see Fig. 6.4B(ii)).

6.4.2.3 Injury latency and bilateral regional susceptibility

No significant correlations between DSI at time of MRI and positive susceptibility values
were observed for any ROI (see Fig. 6.4A(iii)). Negative susceptibility and DSI were posit-
ively correlated in superficial depths of the bilateral paracentral gyrus in the frontal cortex
only (see Fig. 6.4B(iii)).
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Figure 6.4: Depth-wise correlations between positive or negative susceptibility and variables of in-
terest

i: The relationship between age and positive (A) and negative (B) susceptibility values was assessed for each depth for combined curvature as a whole-ROI measure

using partial correlations to control for the effects of group status. ii: the relationship between BIST scores as a marker for injury severity and susceptibility sign

values was explored, along with; iii: the relationship between susceptibility sign values and DSI at the time of MRI scan as a marker of injury latency. Negative (B)

susceptibility was transformed into absolute values to better represent the relationship between variables. BIST = Brain Injury Screening Tool; DSI = days since injury

(at time of MRI scan). pFDR = statistical significance (p-value) after false discovery rate (FDR) correction.
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6.5 discussion

Previous research seeking to understand the role of brain iron dyshomeostasis in grey fol-
lowing mTBI has focused primarily on susceptibility distributions in subcortical or global
grey matter (Bell et al., 2024; Brett et al., 2021; Gong et al., 2018; Koch et al., 2018; Koch
et al., 2021; Pinky et al., 2022; Wright et al., 2022; Zivadinov et al., 2018a), largely neg-
lecting the vulnerability of cortical regions to microstructural damage following an mTBI.
The two investigations inclusive of cortical ROIs (Gong et al., 2018; Pinky et al., 2022)
were constrained either by macroscopic voxel-wise techniques or a limited number of
gross segmentations, which lack the anatomical precision necessary to detect depth- or
curvature-specific differences in magnetic susceptibility. To address this gap in the literat-
ure, I adapted a column-based analytic technique already demonstrating efficacy in AD
research (Merenstein et al., 2024) to perform the first investigation of sr-mTBI-related dif-
ferences in magnetic susceptibility as a function of cortical depth and curvature. In line
with prior QSM research (Merenstein et al., 2025; Merenstein et al., 2024), susceptibility
maps were thresholded into separate maps of dominant voxel-wise sign for analysis.

Results revealed increased positive susceptibility exclusive to the temporal lobe, specific-
ally in the superficial depths at sulcal curvatures in the bilateral parahippocampal gyrus.
This pattern was conserved when curvature was aggregated as a whole-ROI measure. In
contrast, age-related positive susceptibility indicative of iron deposition was observed at
deep cortical depths, closer to the interface with the white matter, in the overall sample.
These findings suggest that increases in positive susceptibility close to the cortical sur-
face indicate abnormal, injury-related iron accumulation after mTBI. Results correspon-
ded with analyses of negative susceptibility, which were less negative in the superficial
depths of the sulcal parahippocampal gyrus after mild brain trauma. In addition, negative
susceptibility was positively correlated with age in superficial depths only, suggesting pos-
sible age-related calcification processes occurring in superficial cortical layers; a pattern
opposite to mTBI-related negative susceptibility effects. Fewer correlations were found
between subjective injury status or time elapsed since injury and susceptibility, supporting
a body of research demonstrating little relationship between objective injury measures and
subjective self-report.

6.5.1 Depth-specific alterations in cortical magnetic susceptibility

Histological studies have demonstrated variations in iron distribution relative to specific
cortical laminae (e.g., Perls iron staining), where concentrations are lowest at the pial sur-
face and increase progressively through grey matter toward its junction with the white mat-
ter (Fukunaga et al., 2010). These findings were corroborated by iron-sensitive R∗

2 mapping
of ex vivo tissue samples using ultrahigh-field (7T) MRI (Fukunaga et al., 2010), which also
exhibit high congruence with in vivo QSM (Shin et al., 2021). Taken together, these studies
suggest that iron density in the cortex reflects distinct cyto- and myelo-architecture, with
variance between layers. In healthy populations, iron density should be sparse at the pial
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surface and increase with depth. Conversely, the findings presented here indicate an ab-
normal distribution pattern of positive susceptibility related to iron deposition exclusively
in superficial depths of the parahippocampal gyrus in temporal cortex following injury
(see Fig. 6.2A, Fig. 6.3.1A and Fig. 6.3.2A). This increased positive susceptibility at the
acute stage of mTBI is directly inverted for depth comparative to healthy layer-specific
variation (Fukunaga et al., 2010; Shin et al., 2021) and patterns related to normal ageing in
this range of the lifespan (see Fig. 6.4A(i)), suggesting an injury-specific model of cortical
microstructural trauma (see Fig. 6.5).

Figure 6.5: Iron and positive susceptibility distributions in the parahippocampal gyrus
Visualisation of depth-specific positive (iron-related) susceptibility distributions. (A.) Depicts increased positive susceptibility following mTBI relative to HC restricted

to superficial depths of the parahippocampal gyrus. This pattern does not overlap with (B.) validated patterns of lower iron concentration proximal to the pial surface,

and increasing towards the GM/WM interface as a pattern of normal layer-specific distributions, or; (C.) normal age-related increases in positive susceptibility in this

population (16-32 years) restricted to the deeper cortical depths closer to the GM/WM boundary. Depiction of the hippocampal formation inspired by illustration in

Ranson et al. (1995).

The focal nature of increased positive susceptibility in superficial depths suggests iron
accumulation near small blood vessels (McKee et al., 2013). Concordantly, microhaem-
orrhage and aggregation of activated microglia around perivascular sites are well docu-
mented after mTBI (Huang et al., 2021; Mckee et al., 2015; Nisenbaum et al., 2014) and
haemosiderin-laden macrophages have been evidenced in post-mortem histopathological
studies in the perivascular spaces after mTBI (Bigler, 2004). Here, it is tempting to speculate
about the potential mechanisms of iron overload following mTBI. Microvascular dysfunc-
tion and increased transport of non-haem iron across the BBB (Sandsmark et al., 2019; Y.
Wu et al., 2020) may increase iron content in superficial cortical layers (Levi et al., 2024;
R. J. Ward et al., 2014) which could result in a perivascular accumulation of iron and in-
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creased magnetic susceptibility of these compromised perivascular regions on QSM (see
Chapter 2).

A modest decrease in positive susceptibility was observed at superficial depths in the
gyral crown of the rostral mPFC, suggesting dyshomeostatic processes distinct from those
identified in the parahippocampal gyrus. While iron overload has been associated with
cell death (H. Ma et al., 2022; A. M. Ward et al., 2014), iron deficiency has also been
linked to neuronal loss (Levi et al., 2024). These findings collectively indicate that iron
dyshomeostasis, through various mechanisms, may serve as a promising early marker
of acute cellular damage and mTBI-related neuropathology. This dysregulation has the
potential to drive neural tissue degeneration or death both in the acute phase and over the
longer term. However, as the precise mechanisms by which iron is released in the brain are
still under investigation (Gozt et al., 2021a; Zecca et al., 2004), these mechanisms cannot
yet be disambiguated.

Conversely, the results presented here suggest that negative susceptibility is decreased
in the parahippocampal gyrus at superficial depths following mTBI. Although the cereb-
ral cortex is not well known for high myelin content (Northall et al., 2023), decreased
negative susceptibility at these superficial depths could indicate changes to surface axons.
Myeloarchitecture studies indicate that Layer I of cerebral cortex consists primarily of ax-
ons, dendrites, and axon terminals, the cell bodies of which are located in deeper layers
(Miyashita, 2022), however the cytoarchitectural topography of the parahippocampal cor-
tical laminae is not as homologous. The parahippocampal gyrus is marked by verruca-like
protuberances on its cortical surface (termed verrucae) and houses large multipolar and
pyramidal neurons in layer II and reticulated axons in layers I and II that contribute to the
light appearance of this region (Van Hoesen et al., 2000). Indeed, the temporal lobe is par-
ticularly vulnerable to chronic demyelination after mTBI and this phenomenon has been
linked to inflammatory and excitotoxic secondary injury events (Mahoney et al., 2022).
This lends support to the likelihood of myelin alterations in these superficial regions that
may occur alongside increases in inflammatory mediators such as iron.

The pattern of increased positive susceptibility in the superficial parahippocampal gyrus
thus alludes to a dual model of perivascular microstructural trauma focal to this region. A
substantial portion of the iron present in the human brain parenchyma is stored as non-
haem iron within myelin-maintaining oligodendroglia (Connor et al., 1995) and patholo-
gical iron levels have been known to damage both oligodendrocytes and myelin (Bradl
et al., 2010; Hametner et al., 2013; Lassmann et al., 2012). Mechanisms leading to concur-
rent increases in positive susceptibility and decreases in negative susceptibility in distinct
voxel populations within the same ROI, as observed in this study, are further supported
by research into pathogenesis of MS, which indicates that neuroinflammation and altered
BBB permeability can result in iron accumulation in macrophages and other iron-related
cytotoxic events, such as oxidative stress, causing degradation of oligodendrocytes and
axons (Bradl et al., 2010; Lassmann et al., 2012; R. J. Ward et al., 2014). Research lever-
aging multi-echo QSM and contemporary magnetic source separation to investigate cor-
tical pathology in MS has also linked decreased negative susceptibility to demyelination,
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reinforcing the potential role in disease pathology (Straub et al., 2023). Conversely, in-
creased negative susceptibility was mostly observed at deeper cortical depths closer to the
GM/WM junction, which might reflect aggregation of Aβ or p-tau inherent to AD (Braak
et al., 1991) and CTE (McKee et al., 2023), or calcifications known to negatively affect cog-
nition (Thibault et al., 2007). Notably, the injury-related accumulation patterns did not
overlap with age-related changes in negative susceptibility, which increased at superficial
depths (see Fig. 6.4B(i)). This suggests that both decreased negative susceptibility in su-
perficial depths and increased negative susceptibility at deeper cortical depths may result
from abnormal, injury-related, neuropathological processes.

6.5.2 Region- and curvature-specific alterations in cortical magnetic susceptibility

The inferior medial temporal lobe is a notable site of injury in sr-mTBI (Mckee et al., 2015).
These observations are supported by investigations of gross pathology in TBI indicating
that proximity of the anterior aspect to the sphenoid ridge of the skull base constitutes a
risk factor for contusion during impact (Bigler, 2007). The parahippocampal gyri are par-
ticularly vulnerable due to the curved alignment with the middle cranial fossa, creating
a cocoon that brings portions of the cortical surface into contact with the skull base. The
parahippocampal area, which provides direct input into the hippocampus, is adjacent to
the free edge of the tentorium cerebelli and may not benefit from the same degree of struc-
tural reinforcement from dura matter (for a comprehensive discussion, see Bigler, 2007),
further compounding focal injury. Because TBI exists on a spectrum from mild to severe,
correspondent pathologies exist on a similar continuum (Bigler et al., 2012) enabling trans-
lation of findings from gross TBI to more mild versions. It is therefore not unreasonable
to suggest that these risk factors could cause focal tissue disruption and cellular distress
signalling, providing a plausible explanation for abnormal tissue susceptibility markers in
the parahippocampal region. Indeed, previous research has highlighted the associations
between sr-mTBI and loss of cortical thickness in the parahippocampal gyrus along with
reductions in parahippocampal volume (Arciniega et al., 2024) providing support for this
region-of-risk hypothesis.

Risk factors congruent with the results observed in the present study can be extended
past cranial-dural morphology to CSF dynamics, which also serve to exacerbate anatom-
ical vulnerability. The current study supports a sulcus-specific model of damage in mTBI
(Bakhtiarydavijani et al., 2021; Ghajari et al., 2017; Kornguth et al., 2017; McKee et al.,
2023; D. H. Smith et al., 2013), with the only persistent differences between groups in
both positive and negative susceptibility values observed in sulcal regions of the bilateral
parahippocampal gyrus (positive susceptibility: sulcal bank and fundus; negative suscept-
ibility: sulcal fundus [see Fig. 6.2 and Fig. 6.3]). The focal nature of injury to these concave
regions extends prior work noting increased mean cortical curvature in the sulcus (J. B.
King et al., 2016) and sulcal widening (Kornguth et al., 2017) after mTBI. Results are also
consistent with observations of mTBI-related vascular injury and microhaemorrhage in the
sulcal fundus on SWI (Kornguth et al., 2017).
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Co-occurrence of potential iron dyshomeostasis with possible myelin changes within
the temporal parahippocampal gyrus is consistent with the memory impairments symp-
tomatic of sr-mTBI (Mckee et al., 2015). Contextually, the parahippocampal cortex acts as
a hub region in a network connecting areas of the frontal, parietal, and temporal lobes
(Raslau et al., 2015) and represents a vital link between the default-mode network and the
medial temporal lobe memory system, as evidenced by resting-state functional magnetic
resonance imaging (fMRI) studies (A. M. Ward et al., 2014). As such, it is integral to vari-
ous cognitive processes including visuospatial processing and episodic memory (Aminoff
et al., 2013) and the facilitation of contextual associations fundamental to higher order
cognitive performance (Raslau et al., 2015). These processes may be disrupted by cellular
distress or damage, leading to altered signalling capacity; an observation that is partic-
ularly aligned with magnetic susceptibility alterations in superficial depths and the role
of superficial cortical layers in integrating information from different brain regions (Rolls
et al., 2017).

6.5.3 Depth- and curvature-specific tissue dyshomeostasis: a potential early indicator of patholo-
gical processes?

The role of iron in acute responses following cytotrauma, as well as its co-localisation
with, and involvement in, misfolded proteins in neurodegenerative diseases, including
CTE, identifies it as a potential marker of early degenerative processes (Bouras et al., 1997;
Zecca et al., 2004). Interestingly, the temporal lobe and hippocampus are primary loci of
atrophy and tau deposition in CTE (McKee et al., 2023; Murray et al., 2022), and iron has
been found in NFTs within these regions (Bouras et al., 1997). A pathognomonic CTE
lesion is characterised by the presence of p-tau in the cortical sulcus and, while this is
not restricted to the subpial regions, supportive features of CTE include the presence of
NFTs in superficial cortical layers (II/III), primarily in the temporal lobe (Bieniek et al.,
2021; McKee et al., 2023). This laminar predilection is not seen in other tauopathies, like
AD, where tau phosphorylation generally occurs in deeper layers (V/VI) (Pearson et al.,
1985). Indeed, research shows that different types of head impacts can result in varying
brain deformations and injury patterns, with sulci being particularly vulnerable to mech-
anical strain, which is consistent with, and can be predicted by, patterns of tauopathy in
neurodegeneration (Ghajari et al., 2017).

Notwithstanding the short-term effects of iron overload, which have been linked to sec-
ondary injury in mTBI (Huang et al., 2021; Nisenbaum et al., 2014), the association between
iron-mediated oxidative stress and hyperphosphorylation of tau (Yamamoto et al., 2002;
Zecca et al., 2004), and their co-localisation in CTE (Bouras et al., 1997), coupled with the
similarity of iron distributions observed in this study to hallmark distributions of tauo-
pathy and degeneration in CTE raises important questions about the disease path from
acute injury to eventual tissue degeneration. The precise mechanisms underlying CTE
remain an active area of research, but these findings suggest that iron may serve as a can-
didate biomarker, warranting further investigation. Until such a time, any parallels drawn
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between the pattern of iron distribution in this study and the hallmark features of CTE
tauopathy can, at this stage, only be speculative.

6.5.4 Age-related alterations in cortical biomagnetic substrates are depth-specific

6.5.4.1 Temporal biodynamics of cortical positive susceptibility

Increasing iron in deep grey matter nuclei and some regions of the cortex is a hallmark
of normal ageing (Hallgren et al., 1958; Zecca et al., 2004). Research indicates that age-
related iron increases occur primarily in the motor and premotor cortices, as well as the
superior prefrontal and parietal cortices (Acosta-Cabronero et al., 2016; Hallgren et al.,
1958). Additionally, these increases have been reported in the insula (Acosta-Cabronero
et al., 2016) and hippocampus (Hagemeier et al., 2012). Histological evidence suggests
that normal increases in cortical non-haem iron may be especially pronounced in younger
individuals, sharply increasing during childhood and plateauing at around 30 to 50 years
of age, depending on region (Hallgren et al., 1958; Schenck et al., 2004). These observations
are supported by some (Acosta-Cabronero et al., 2016; Callaghan et al., 2014) but not other
(Rodrigue et al., 2011) cross-sectional iron-sensitive MRI findings in adjacent age groups.

The findings presented here support age-related cortical iron increases in a youthful
population. In line with prior research, ROIs with age-related increases in positive suscept-
ibility values were most dense in frontal and parietal lobes, in addition to two loci in the
temporal lobe and one in the insular cortex (see Fig. 6.4A(i)). Of all cortical regions, the mo-
tor system is particularly affected by age-related iron deposition (Acosta-Cabronero et al.,
2016; Hallgren et al., 1958), a pattern mirrored in these findings which show notable age-
related positive susceptibility increases in the primary motor cortex. The results suggest
that age-related increases are restricted to deeper cortical depths closer to the GM/WM
junction, which are known to naturally express higher iron levels in the healthy popula-
tion (Fukunaga et al., 2010; Shin et al., 2021). These deeper layers contain large pyramidal
cells (Miyashita, 2022), which could speculatively accumulate iron differently. Indeed, pre-
vious research (Merenstein et al., 2024) has suggested that because age is more predictive
of delayed response time rather than difficulties in decision-making (Madden et al., 2020;
Merenstein et al., 2023; Ratcliff, 2008), age-related iron accumulation should show a pref-
erence for deeper layers responsible for output, rather than more integrative superficial
regions (Rolls et al., 2017).

6.5.4.2 Temporal biodynamics of cortical negative susceptibility

Age-related increases in negative magnetic susceptibility were observed exclusively close
to the pial surface. Previous studies utilising negative QSM have shown similar distribu-
tions at superficial depths (Northall et al., 2023). This pattern aligns well with research
indicating more common occurrences of calcifications in areas with high vascularisation
and metabolic activity (Jang et al., 2021), such as the cortical surface serviced by the pial
arterial vasculature (Bollmann et al., 2022). Taken together, these findings indicate that
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age-related increases in iron are likely restricted to deep cortical depths, while diamag-
netic calcifications may be more likely to occur at superficial depths. Both observations are
supported by strong biological plausibility and well-documented scientific evidence. This
reinforces the conclusion that observed differences in both positive and negative suscept-
ibility following sr-mTBI reflect pathological processes distinct from those associated with
normal ageing.

6.5.5 Effects of injury latency and severity on cortical tissue magnetic susceptibility

Congruent with the findings outlined in Chapter 5, the general lack of correlation between
positive or negatives susceptibilities and BIST scores may be related to symptom under-
reporting (Kroshus et al., 2015; Meier et al., 2015), the well-supported incongruence
between subjective self report and objective brain changes or neuroimaging signatures (Mc-
Crea et al., 2017; Shenton et al., 2012), or the more rudimentary approach to thresholding
necessitated by the acquisition of single-echo data. However, some significant correlations
between injury severity and positive susceptibility were observed at mid-depths in the
frontal pole and superficial depths in the superior temporal sulcus, suggesting that pos-
sible excitotoxic mechanisms in these regions driving more severe symptom presentation.
The superior temporal sulcus, for instance, plays a key role in social cognition (Basil et al.,
2017; Beauchamp, 2015; Deen et al., 2015) and audiovisual integration (Hein et al., 2008). It
is also active in sensory perception, including visual, auditory, and vestibular processing
(Dieterich et al., 2008). The frontal pole, which is particularly vulnerable to contusion dur-
ing TBI (Mckee et al., 2015), is associated with critical functions such as action planning,
problem-solving, reasoning, social cognition, working memory, perception, and emotional
processing (Bludau et al., 2014; Braver et al., 2002). Of particular relevance to these po-
tential relationships, all of these symptoms are consistent with the effects of mTBI and
are collectively assessed by the BIST (Theadom et al., 2021). Lastly, the overarching lack
of correlations with injury latency further reinforces speculation that longitudinal stud-
ies, or investigations of chronic, rather than acute or subacute injury, may be necessary to
understand temporally-modulated variance in biomagnetic substrates.

6.5.6 Regional depth- and curvature-specific susceptibility alterations in mTBI: elucidating bio-
mechanical influences for a structural biomarker?

The most striking result from this investigation is the localisation of acute dyshomeostatic
processes in the superficial sulcal regions of the parahippocampal gyrus. The observed
increase in positive susceptibility in the bank and fundus suggests mTBI-related second-
ary injury and cytotoxicity (Huang et al., 2021; Nisenbaum et al., 2014). Similar spatial
patterns of decreased negative susceptibility reinforce evidence of cellular damage, pos-
sibly reflecting changes to axonal components, such as the myelin sheath (Bradl et al.,
2010; Hametner et al., 2013; Lassmann et al., 2012). These findings are corroborated by
biomechanical models of mTBI that highlight both the heightened susceptibility of the
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inferior medial temporal lobe, and in particular the parahippocampal gyrus, to impact
forces (Bigler, 2007; Mckee et al., 2015) alongside the vulnerability of sulcal fundus to dam-
aging fluid dynamics (Kornguth et al., 2017). Taken together, these observations suggest
that QSM-based susceptibility changes can be mapped to recognised injury mechanisms,
representing a step toward bridging the gap between injury biodynamics and focal tissue
pathology.

This provides a contrast to the general paucity of significant results that appear to char-
acterise the QSM-mTBI literature (Bell et al., 2024; Gong et al., 2018; Koch et al., 2018;
Koch et al., 2021; Pinky et al., 2022; Wright et al., 2022; Zivadinov et al., 2018a). This raises
the possibility that focusing predominantly on susceptibility estimation in total basal grey
matter or its sub-compartments may be overly narrow; expanding investigations to in-
clude additional ROIs, such as the cortex, may provide more significant advances toward
understanding mTBI-related tissue pathology. Here, it is important to note that the two
investigations to include cortical (Gong et al., 2018), and even parahippocampal (Pinky et
al., 2022), ROIs did not find any significant results using voxel-wise analyses and regional
parcellation, respectively. Juxtaposed against the results of the present study, it is hard to
overlook the implication that the subtle tissue changes associated with mild head injury
may require more sensitive and targeted approaches than have historically been employed.
This would not only extend to more granular investigations, but also speaks to the utility
of separating sources of magnetic susceptibility, whether by more rudimentary threshold-
ing (Merenstein et al., 2024) or contemporary magnetic source separation (Ahmed et al.,
2023; J. Chen et al., 2021; Emmerich et al., 2021; J. Lee et al., 2024; Z. Li et al., 2023; Shin
et al., 2021).

It is precisely these challenges, alongside the inherent heterogeneity of mild head in-
juries, that may be confounding efforts to identify a universal MRI-based signature of
structural tissue damage. This underscores the importance of conducting more detailed,
site-specific analyses. It is possible that susceptibility changes observed in the superficial
depths of the sulcal fundus and bank in medial temporal parahippocampal gyrus repres-
ent a hallmark of acute mTBI, mirroring the specific loci and patterns considered features
tau pathology in CTE (McKee et al., 2013; McKee et al., 2023; Murray et al., 2022). Pro-
gress toward establishing a robust tissue biomarker may thus have considerable clinical
implications not only for understanding acute pathological processes, but also for elucid-
ating the potential disease path toward neurodegeneration in some cases. Here, additional
cross-sectional or longitudinal studies replicating this methodology will be crucial for de-
termining whether these localised susceptibility changes are consistent across differing
participant populations, and whether there is a mechanistic link between patterns of neur-
onal pathology in acute mTBI and hallmarks of tauopathy in CTE.

6.5.7 Limitations and future research

While QSM offers valuable insights into iron content and distribution, at lower field
strengths (i.e., 3T) voxel resolution is restricted and does not reflect specific architecton-
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ics of cortical tissue. The 1 mm isotropic voxel resolution thus inherently restricts depth-
wise analysis of the ∼1-4.5 mm thick cerebral cortex (Fischl et al., 2000). As such, cortical
column analyses were constrained to investigations of depth rather than susceptibility
distributions specific to cortical laminae. However, studies employing comparable depth-
specific methodologies have utilised data from QSM (Merenstein et al., 2024), DTI (Y. Ma
et al., 2023), T1w/T2w imaging (Sui et al., 2022), and quantitative T1 and QSM (Northall et
al., 2023), to sample between 10 and 21 cortical depths with meaningful results. In addition,
the DTI-based study (Y. Ma et al., 2023) reported the identification of features with 0.9 mm
isotropic resolution, single-shell data similar to those found with 92 µm isotropic, high-
angular-resolution data (Aggarwal et al., 2015), underscoring the ability of these technique
to conserve features even at coarser resolutions. Future research could nonetheless benefit
from applying cortical column analysis to images with higher resolutions, for example
those collected on high field scanners, or by pushing images to sub-1 mm resolutions in-
sofar as SNR and acquisition times correspondent to increased participant burden are not
overly compromised (for a comparison of data acquired at 3T and 7T, see Straub et al.,
2019).

In addition, because analyses related to cortical thickness involve sampling multiple
tissue types across a small cross-section, higher resolutions become particularly important
for surface mesh-based and voxel-wise analyses (Tohka, 2014). Although ≤ 1 mm isotropic
resolution is recommended to mitigate PVE (Bilgic et al., 2024), such artefacts may be prob-
lematic at the cortical surface and GM/WM tissue interface. While erosion steps were used
to reduce non-brain signals around the outer cortex, acquiring higher-resolution images,
assuming an adequate field of view (Merenstein et al., 2024), may further reduce PVE
at all tissue borders. It is worth noting that QSM studies conducted at similar resolution
found that discarding the outer depths did not significantly alter susceptibility measure-
ments (Merenstein et al., 2024), suggesting that the influence of partial volume-induced
distortions may be relatively modest under these conditions.

Future studies should also aim to include a broader age spectrum to further explore
the interaction between age and susceptibility in mTBI. Here, it should be noted that age-
related regional cortical iron accumulation is generally most pronounced up until the third
decade of life (Hallgren et al., 1958) and research using cohorts with a broader age range
should incorporate statistical modelling that accounts for differential iron deposition with
age. Finally, the limitations associated with obscuring subtle and heterogeneous mTBI ef-
fects in group-wise statistical analyses, which were briefly alluded to in Chapter 5, are
relevant to the research presented in this chapter. These shortcomings of the current mac-
roscopic statistical approach are addressed in the subsequent chapters.

6.6 conclusions

To better characterise the mechanisms of mTBI at the acute stage, I conducted the first
QSM study to assess depth- and curvature-specific regional patterns of positive (iron-
related) and negative (myelin-, calcium-, and protein-related) magnetic susceptibility in
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the cerebral cortex following injury. The concurrent instances of increased positive sus-
ceptibility with decreased negative susceptibility in discrete voxel populations within the
parahippocampal gyrus indicate a possible accumulation of iron and changes to myelin
integrity after injury. This distribution pattern was observed in the superficial depths of
the sulcus, suggesting trauma due to mechanical forces. The pattern appeared distinct
from age-related differences in positive and negative susceptibility and was reminiscent
of supporting features of tau pathology in CTE, which is known to co-localise with iron.
These results support a complex, dual-pathology model of trauma after mild head injury
and have implications for understanding microstructural brain tissue damage following
mTBI.
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7
S U B C O RT I C A L I R O N M A R K E R S A N D
R E G I O N S - O F - R I S K : I N S I G H T S F R O M
I N D I V I D U A L I S E D A N A LY S I S

7.1 motivation

In Chapter 5 and Chapter 6 I conducted group-wise statistical analyses to compare the
effects of mTBI on cortical and subcortical regions between clinical participants and an HC
group. Although group-level studies have dominated the quantitative MRI literature, there
is increasing emphasis on individual-level analyses. One criticism of group-level analyses
is that they may fail to account for the inherent heterogeneity of mTBI, and risk losing
critical individual-level information to group-wise averaging. The following chapters of
the thesis extend the methodologies described in Chapter 5 and Chapter 6, adapting the
respective techniques and segmentations for use in individual-level analyses. Here, two
studies are presented: one focusing on subcortical regions (Chapter 7) and the other on
cortical regions (Chapter 8). These studies leverage z-tests to characterise individual-level
deviations in positive susceptibility relative to a HC distribution within each ROI. The fol-
lowing chapters focus solely on positive susceptibility maps given the stronger theoretical
basis surrounding the relationship between iron accumulation and mTBI-induced second-
ary injury. A summary of key points and concluding statements are provided in § 7.7 and
§ 8.6 for each chapter, respectively.

111



7.2 introduction

7.2 introduction

In Chapter 2, I underscored the subtle and diffuse nature of mTBI pathophysiology that
complicates investigations of this heterogeneous injury (Giza et al., 2001, 2014; Romeu-
Mejia et al., 2019). However, in the absence of specific biomarkers, macroscopic morpholo-
gical brain abnormalities, and clinic-ready MRI techniques sensitive to subtle mTBI-related
neuropathology, the pathophysiology of mTBI remains poorly understood (Hier et al.,
2021; Lunkova et al., 2021). These limitations not only necessitate the use of advanced MRI
techniques not typically employed in conventional medical settings, such as QSM, but also
further highlight difficulties associated with the ability of MRI-based techniques to identify
the subtle changes in the brain characteristic of this injury (Cook et al., 2014; Wintermark
et al., 2015). Integrating advanced MRI modalities into routine patient care requires fur-
ther validation and the establishment of clinically- and individually-relevant biomarkers
for mTBI diagnosis and treatment.

However, the vast majority of clinical research employs analytic techniques that assess
group averages and treat individual variability primarily as noise (Marquand et al., 2019).
The rationale for these methodological choices is underpinned by an attempt to identify
signatures representative of the “average patient", yet these macroscopic approaches likely
obscure the individual-level heterogeneity that characterises clinical cohorts; variation
that is central to identifying appropriate and effective intervention. Group-level analytic
strategies remain the most common method used in QSM investigations of mTBI (Bell et
al., 2024; Gong et al., 2018; Koch et al., 2018; Koch et al., 2021; Pinky et al., 2022; Wright
et al., 2022; Zivadinov et al., 2018a), and the potential loss of data to averaging effects could
plausibly explain the general lack of significant effects across the extant literature.

Personalised profiles can be generated by leveraging z-tests to compare the results of
individual quantitative measures to the distribution of a healthy normative population.
This approach allows for a clearer understanding of where the individual falls relative
to normal ranges for selected metrics (Domínguez et al., 2024; Marquand et al., 2019).
Individual analytic approaches have been successfully applied in the context of mTBI using
T2 relaxometry as a marker of neuroinflammation (Bedggood et al., 2024), and DWI to
investigate white matter fiber tracts (Attyé et al., 2021). Under the TBI umbrella more
broadly, individual analyses have been applied to fixel-based analysis of dMRI (Clemente
et al., 2023) and DTI (Jolly et al., 2021) to investigate white matter integrity, as well as
structural connectomics in ms-TBI (Imms et al., 2022). One study has used QSM to generate
individualised profiles of iron deposition in ms-TBI (Domínguez et al., 2024), however,
dedicated investigations of potential iron deposition at the individual level following mild
TBI are yet to be conducted.

To address these research gaps, I conducted the first dedicated individual-level investiga-
tion of subcortical mTBI effects on iron-related positive susceptibility. This study aimed to:
1) generate individual profiles of potential subcortical iron deposition following sr-mTBI,
and; 2) use these results to facilitate more targeted statistical analyses of the relationship
between subcortical iron markers and injury severity. Previous group-level human research
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has reported elevated iron markers in the globus pallidus, thalamus, caudate, substantia
nigra, red nucleus, and within gross hippocampal segmentations following mTBI (Chong
et al., 2023; Lu et al., 2015; Nikolova et al., 2022; Raz et al., 2011). However, given the lack of
significant findings in the group-level subcortical analyses related to positive susceptibility
values presented in Chapter 5, along with challenges in translating group-level research
to the individual level and the exploratory nature of this study, no specific a priori hypo-
theses were made regarding the direction of effects across all basal nuclei and hippocampal
subfields.

7.3 materials and methods

Refer to Chapter 5 for details on ethical approval, recruitment, inclusion and exclusion
criteria, and data collection methods. Image acquisition, sequence details, QSM image
reconstruction, post-processing, thresholding, and segmentation of the basal ganglia and
hippocampal subfields also follow the methodology outlined in Chapter 5. However, given
the exploratory nature of this research, as well as the more robust theoretical basis related
to both sources of paramagnetism on QSM and the role of iron in secondary injury, only
QSM+ maps were used in all individualised analyses, including those in Chapter 8.

7.3.1 Participants

For the two individualised analyses comprising the remainder of the research studies in
this thesis (reported here and in Chapter 8), data from 35 male contact sports players (M =
21.60 years [range: 16-33], SD = 4.98) with acute sr-mTBI and 25 age-matched male controls
(M = 21.10 years [range: 16-32], SD = 4.35) were used. The mTBI sample is an extension of
the cohort analysed in Chapter 5 and Chapter 6. In the previous group-level investigations,
equal sample sizes maximised statistical power and satisfied the assumptions made by
between-group comparisons (T. K. Kim et al., 2019). In contrast, the individualised analyses
reported in the subsequent studies compute each mTBI participants’ ROI-wise z-score
relative to the HC mean and standard deviation. As such, including a larger mTBI sample
carries no statistical cost and improves clinical representativeness (Marquand et al., 2019).
All mTBI participants were scanned within 14 days of injury (M = 10.40 days, SD = 3.01).
The control group remains identical to the sample used in the last two research studies. To
once again minimise the potential interference of age-related iron deposition (Ashraf et al.,
2018; Bilgic et al., 2012; Hagemeier et al., 2012; Hallgren et al., 1958; Madden et al., 2023;
Treit et al., 2021; Zecca et al., 2004), there were no significant difference in age between the
groups (t(58) = -0.44, p = 0.66). Sample characteristics for the extended mTBI participant
cohort are detailed in Table 7.1 below.
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Table 7.1: Summary of sr-mTBI participant clinical characteristics for individualised studies

ID Age DSI BIST Score MOI MRI findings

mTBI-01 < 20 5 days 140 Rugby None

mTBI-02 < 20 5 days 12 Rugby None

mTBI-03 20s 6 days 78 Rugby None

mTBI-04 < 20 13 days 18 Rugby Small fluid signal spaces in R peritrigonal WM - normal. R caudate cleft along
ventricular surface – possibly developmental or from old ischaemic insult

mTBI-05 < 20 12 days 12 Rugby None

mTBI-06 20s 13 days 42 Rugby None

mTBI-07 20s 13 days 13 Football Minor artefactual T1 signal in pons

mTBI-08 20s 12 days 6 Hockey None

mTBI-09 20s 6 days 56 Rugby Minor R orbital fracture (old)

mTBI-10 < 20 12 days 54 Rugby None

mTBI-11 20s 10 days 52 Rugby None

mTBI-12 30s 13 days 13 Football None

mTBI-13 < 20 5 days 79 Rugby None

mTBI-14 20s 13 days 2 Rugby Small focus of susceptibility in L superior frontal gyrus possibly vascular or non-
specific haemosiderin

mTBI-15 < 20 13 days 22 Rugby None

mTBI-16 < 20 8 days 117 Futsal Tiny cleft of fluid signal in R cingulate gyrus - minor developmental anomaly or
mature gliosis

mTBI-17 20s 13 days * Rugby None

mTBI-18 20s 10 days 34 Gymnastics None

mTBI-19 20s 13 days 28 Jiu-jitsu Some artefactual DWI signal in pons

mTBI-20 20s 11 days 69 Surfing Tiny susceptibility site in R temporal lobe - may be vascular

mTBI-21 < 20 7 days 14 Rugby Minor susceptibility in transverse sulcus in R mid temporal lobe - nonspecific, may
be vascular or reflect haemosiderin deposition from prior small volume haemor-
rhage

mTBI-22 < 20 13 days 39 Judo None

mTBI-23 < 20 9 days 34 Rugby None

mTBI-24 < 20 12 days 68 Rugby None

mTBI-25 20s 12 days 17 Rugby 7mm pineal cyst - normal limits. Some T1 hyperintensity in R cerebellum - artefact
compatible

mTBI-26 20s 12 days 25 Rugby Mildly prominent cisterna magna

mTBI-27 30s 7 days 30 Football A few mildly prominent biparietal and L cerebral peduncle perivascular spaces -
normal variant

mTBI-28 30s 12 days 51 Swimming None

mTBI-29 20s 5 days 6 Rugby None

mTBI-30 < 20 12 days 2 Rugby Some DWI signal disturbance anterior to pons - likely artefactual

mTBI-31 < 20 14 days 22 Rugby 2-3 tiny foci of susceptibility in R frontal lobe - nonspecific, possible site of prior
microhaemorrhage. A punctate focus of T1 hypointensity/T2 hyperintensity super-
olateral to the frontal horn of R lateral ventricle

mTBI-32 20s 8 days 58 Football Bifrontal developmental venous anomaly noted - normal variants

mTBI-33 < 20 8 days 8 Rugby Minuscule foci of susceptibility in R cerebellar hemisphere /posterior to R aspect
of the splenium of CC - nonspecific. Minor susceptibility in R sylvian fissure -
vascular

mTBI-34 20s 14 days 47 Rugby None

mTBI-35 < 20 12 days 28 Football None

Mean
mTBI

21.60 (4.98)
years

10.4 (3.01)
days

38.1 (32.0)
/160

No findings considered clinically relevant

Mean
HC

21.10 (4.35)
years

No findings considered clinically relevant

* = missing data (BIST incomplete on the Axis Sport Medicine Clinic patient portal, reason unknown)

Note. Diagnostic assessment is limited to the volume T1 , SWI and DWI sequences with only limited interpretation of the multi-echo T2 stack. Clinical assessments

are relevant to the identification of micro-haemorrhages, areas of siderosis, T1 appearance, gliosis, volume, ventricular volumes and non-neurological findings. Age

is given in a range to prevent re-identification of participants. The possible range of BIST scores is 0 (min) to 160 (max). Clinical group data correspondent to date at

MRI only with the exception of the BIST acquired >24 hours post-injury prior to MRI scanning (< 14 days post). mTBI = mild traumatic brain injury; HC = healthy

control; ID = unique identifier; DSI = days since injury; DWI = diffusion-weighted imaging; BIST = Brain Injury Screening Tool; MOI = mechanism of injury; WM =

white matter; MRI = magnetic resonance imaging; L = Left; R = right.
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7.3.2 Personalised QSM profiles

Individual QSM+ profiles for each of the 10 hippocampal subfields and 16 basal ganglia
segmentations (see Fig. 7.2.1A and Fig. 7.2.1B) were generated at the bilateral level us-
ing MATLAB (2024a). To achieve this, mean positive susceptibility values were extracted
from each of the 16 bilateral basal ROIs and 10 unilateral hippocampal segmentations. To
yield a bilateral measure, left and right hemisphere susceptibility values were averaged
for each hippocampal subfield. In keeping with Chapter 5, the HN was omitted due to
zero values in this ROI for a subset of participants. No zero values were present for any
participant within any hippocampal ROI. Z-scores were calculated for all participants (HC
and mTBI), by subtracting the HC group mean from each individual’s susceptibility value
and dividing by the HC group standard deviation; a method commonly used in prior re-
search (Bedggood et al., 2024; Domínguez et al., 2024; Imms et al., 2022; Jolly et al., 2021).
To bring the HC data closer to a normal distribution, outlier scores for the HC group were
filtered (Domínguez et al., 2024) if they fell outside 2 times the interquartile range (IQR),
a more stringent criterion than the methods used to identify mild outliers 1.5 times the
IQR, but less extreme than the more conservative filter of 3 times the IQR (Tukey, 1977).
As a result, outliers in the HC group were filtered in the hippocampal parasubiculum (n
= 2), presubiculum (n = 2), and subiculum (n = 1). For basal ROIs, n = 1 HC participant
was excluded in the EXA and VeP, n = 2 participants were excluded in the STH, and n = 6
participants were excluded in the MN. Despite the more extensive filtering applied to the
MN region, the reduced HC sample size for this region (n = 19) is larger than comparable
individualised QSM studies investigating ms-TBI that have used an n of 12 (Domínguez
et al., 2024). After filtering, the Shapiro-Wilk normality test yielded an average W value of
M = 0.95 (SD = 0.02) across hippocampal ROIs and an average W value of M = 0.94 (SD =
0.03) across basal nuclei, indicating that the data distribution within each ROI was close to
normal. The final equation for deriving regional z-scores for individual mTBI participants
was as follows:

zmTBI =
XmTBI − µHCnorm

σHCnorm

(7.1)

where zmTBI represents the ROI-wise z-score for each individual mTBI participant; XmTBI

is the ROI-wise mean QSM value for each mTBI participant; µHCnorm is the mean ROI-wise
QSM value of the HC group after outlier filtering to normalise the distribution, and; σHCnorm

is the ROI-wise standard deviation of the HC group QSM values after outlier filtering. This
approach ensures that mTBI participants’ susceptibility values are directly comparable to
the healthy range reflecting a normalised distribution, allowing the detection of deviations
that might reflect underlying pathology (see Fig. 7.1 for visualisation of the individualised
analysis pipeline).
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Figure 7.1: QSM post-processing and generation of individual subcortical iron profiles
Steps are performed after QSM image reconstruction using QSMxT. QSM images were thresholded to create a positive sign map, and mean susceptibility values were

extracted for each hippocampal and basal ROI. Z-scores were calculated using the mean and standard deviation of the HC group, and standardised around a mean

of zero. The HC distribution was then filtered to remove outliers exceeding two times IQR, normalising the distribution. Individual profiles for mTBI participants

were constructed by comparing each mTBI participants’ z-scores to the healthy normal distribution, while controlling for multiple comparisons across ROIs. QSM =

quantitative susceptibility mapping; ROI = region of interest; mTBI = mild traumatic brain injury; HC = healthy control; IQR = interquartile range.

7.4 statistical analyses

To assess statistical significance for mTBI z-scores, two-tailed p-values were calculated
from the z-scores using the cumulative distribution function of the standard normal dis-
tribution. A FDR correction (Benjamini et al., 1995) was applied separately to the p-values
for the 10 hippocampal or 15 basal nuclei ROI-wise comparisons.

To conduct secondary exploratory statistical tests, the mTBI group was divided into two
subgroups: those whose z-scores significantly deviated from the HC normal distribution
for any hippocampal or basal ROI (i.e., iron-abnormal) and those whose scores did not
(i.e., iron-normal). Although preliminary analyses indicated no statistically significant dif-
ference in age between mTBI and HC participant groups, an analysis of variance (ANOVA)
was performed between these three new subgroups (iron-normal, iron-abnormal, and con-
trols) to confirm that age was not driving the identification of abnormal z-scores. Iron
deposition in subcortical nuclei is a recognised feature of healthy ageing, particularly in
individuals of a similar age range to this cohort (Ashraf et al., 2018; Hallgren et al., 1958;
Madden et al., 2023), thereby necessitating further analysis to ensure that observed results
were not confounded by normative, age-related tissue changes. Additionally, a nonpara-
metric Mann-Whitney U test was used to assess whether injury severity (BIST scores)
differed significantly between iron-abnormal and iron-normal mTBI participants, exclud-
ing mTBI-17 for this analysis only due to missing BIST data (see Table 7.1).
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7.5 results

To investigate the effects of mTBI on iron markers on an individual basis, personalised pro-
files of iron-related positive susceptibility values were generated across subcortical regions,
encompassing the 10 hippocampal and 15 basal nuclei ROIs. Z-scores, derived from these
data, were compared to the normalised HC z-distribution to identify significant outliers
among mTBI participants.

7.5.1 Regional individualised subcortical iron profiles

Of the 35 total mTBI participants, 15 (43%) exhibited significantly higher z-scores than the
healthy population in at least one ROI (see Table 7.2, Fig. 7.2.2A and Fig. 7.2.2B). Among
these “iron-abnormal" participants, 87% expressed abnormal iron markers inclusive of
hippocampal ROIs, which frequently involved the parasubiculum. In contrast, only 60% of
participants had abnormal iron markers inclusive of basal ganglia subregions. These abnor-
mal markers were characterised by a relatively narrow distribution of z-scores across the
available basal ganglia segmentations, with abnormal z-scores most commonly observed
in the mammillary nucleus.

In addition to the high incidence of elevated z-scores in the hippocampal parasubiculum
and basal mammillary nucleus, both of which were affected in close to half of the 15 par-
ticipants with abnormal iron markers (47%), relatively lower incidences of iron-related
abnormalities were apparent in the hippocampal fimbria (27%), presubiculum and HATA
(20% each) (see Fig. 7.2.2A and Fig. 7.2.2B). Less frequently affected ROIs included the hip-
pocampal CA4 region and hippocampal fissure, as well as the basal nucleus accumbens
and ventral pallidum, each with a 13% incidence rate. The basal SNc, PBP, hypothalamus,
VTA, subthalamic nucleus, and hippocampal subiculum exhibited only isolated instances
of elevated susceptibility across the whole iron-abnormal cohort. Only two hippocampal
ROIs exhibited no significant deviations from the healthy normal distribution for any
mTBI participant; the hippocampal tail and CA3. In contrast, no abnormal iron profiles
were identified for several major basal subregions, including the putamen, caudate, globus
pallidus (both internus and externus), red nucleus, SNr, and extended amygdala.

Only one participant (mTBI-18) had a z-score below the HC range, showing a z of -2.0
in the CA1 region. This case also represents the sole instance of CA1 involvement (see
Table 7.2, Fig. 7.2.2A and Fig. 7.2.2B).
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Table 7.2: Summary of significant ROI-wise z-scores and symptomatology for iron-abnormal sr-
mTBI participants in the basal ganglia and hippocampal subfields

ID Segmentation ROI z-score Presenting symptoms

mTBI-01 Hippocampus:
Basal Ganglia:

Parasubiculum
Mammillary Nucleus

+3.7
+4.3

Initial emesis, followed by severe tinnitus and phonophobia, vertigo, cephalalgia, cervical-
gia, photophobia, visual disturbance, cognitive impairment, confusion, concentration is-
sues, memory deficits, irritability, restlessness, fatigue, and sleep disturbance. Moderate
vestibular dysfunction and ataxia were also noted

mTBI-04 Hippocampus: Parasubiculum +2.4 Moderate cervicalgia and photophobia. Mild cephalalgia, ataxia, cognitive impairment,
confusion, concentration issues, memory deficits, sleep disturbance. Additional clinical
notes include vertigo and confusion at onset

mTBI-10 Hippocampus: Parasubiculum +5.8 Moderate cephalalgia, photophobia, vertigo, visual disturbance, fatigue, sleep disturbance.
Mild cervicalgia, phonophobia, vestibular dysfunction, ataxia, cognitive issues, memory
deficits, confusion, concentration issues, irritability, and restlessness. Additional clinical
notes include hand numbness, pins and needles

mTBI-11 Hippocampus:
Basal Ganglia:

Parasubiculum
Mammillary Nucleus

+2.9
+4.1

Severe photophobia. Moderate cervicalgia, restlessness, fatigue, and sleep disturbance.
Mild cephalalgia, phonophobia, vertigo, vestibular dysfunction, ataxia, visual disturbance,
cognitive impairment, concentration issues, memory deficits, confusion, and irritability

mTBI-12 Hippocampus: Presubiculum
CA4
Fimbria
Hippocampal Fissure

+2.8
+2.1
+3.1
+3.6

Mild cephalalgia, cervicalgia, photophobia, phonophobia, cognitive dysfunction, concen-
tration issues, irritability, fatigue

mTBI-17 Hippocampus:
Basal Ganglia:

Parasubiculum
Mammillary Nucleus

+4.0
+11.0

No BIST. Clinical notes include transient mental fog, bradyphrenia, indecisiveness, and
vestibular dysfunction

mTBI-18 Hippocampus:

Basal Ganglia:

Presubiculum
Subiculum
CA1
CA4
Fimbria
Hippocampal Fissure
Mammillary Nucleus

+3.1
+2.5
-2.0
+2.9
+13.1
+4.0
+3.4

Moderate phonophobia, photophobia, visual disturbance, concentration issues. Mild
cephalalgia, vertigo, vestibular dysfunction, ataxia, cognitive impairment, memory deficits,
irritability, fatigue, and sleep disturbance. Additional clinical notes include disorientation,
nausea, and impaired thought

mTBI-19 Basal Ganglia: Nucleus Accumbens +3.4 Moderate cognitive impairment, concentration issues, fatigue, and sleep disturbance. Mild
cephalalgia, photophobia, memory deficits, and confusion. Additional clinical notes in-
clude being dazed at time of injury

mTBI-21 Hippocampus: Fimbria +4.4 Mild cephalalgia, photophobia, vertigo, cognitive impairment, memory deficits, concentra-
tion issues, fatigue, and sleep disturbance

mTBI-24 Hippocampus: Parasubiculum +6.1 Moderate cervicalgia, photophobia, phonophobia, vertigo, vestibular dysfunction, ataxia,
cognitive impairment, memory deficits, confusion, concentration issues, irritability, rest-
lessness, and fatigue. Mild cephalalgia, visual disturbance, sleep disturbance

mTBI-27 Hippocampus:
Basal Ganglia:

HATA
Nucleus Accumbens
Ventral Pallidum

+2.7
+3.2
+2.8

Severe fatigue and sleep disturbance. Moderate cognitive impairment. Mild cephalalgia,
photophobia, phonophobia, vestibular dysfunction, memory deficits and concentration is-
sues. Additional clinical notes include anxiety

mTBI-28 Hippocampus:
Basal Ganglia:

HATA
Mammillary Nucleus

+4.6
+3.3

Moderate cephalalgia, photophobia, phonophobia, restlessness, fatigue and sleep disturb-
ance. Mild cervicalgia, vertigo, vestibular dysfunction, ataxia, cognitive impairment, con-
centration issues, and memory deficits. Additional clinical notes include nausea, reduced
tolerance to physical and cognitive exertion, and impaired coordination

mTBI-30 Basal Ganglia: Ventral Pallidum
Mammillary Nucleus

+2.9
+2.7

Fatigue

mTBI-31 Hippocampus: Presubiculum
HATA
Fimbria

+3.3
+2.8
+5.2

Moderate fatigue and sleep disturbance. Mild cephalalgia, photophobia, cognitive impair-
ment, concentration issues, irritability and restlessness

mTBI-32 Hippocampus:
Basal Ganglia:

Parasubiculum
SNc
PBP
VTA
Hypothalamus
Mammillary Nucleus
Subthalamic Nuclei

+4.5
+2.9
+3.9
+3.1
+5.2
+3.5
+3.0

Moderate cephalalgia, cervicalgia, phonophobia, cognitive impairment, confusion, concen-
tration issues, memory deficits, restlessness, and fatigue. Mild photophobia, vertigo, vesti-
bular dysfunction, visual disturbance, ataxia, irritability, and sleep disturbance. Additional
clinical notes include being dazed

Note. Presenting symptoms are primarily derived from BIST injury severity assessments and supplemented with additional clinical patient notes made

upon presentation of participants to Axis Sports Medicine clinics. Only participants with abnormal iron profiles are included for brevity and relevance. ID = unique

identifier; ROI = region of interest; CA = cornu ammonis; HATA = hippocampal-amygdala transition area.
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Figure 7.2: Segmentations and individualised profiles for abnormal subcortical iron markers
1. Visualisation of basal ganglia and hippocampal subfield segmentations. A. Axial (A) slices of the CIT168-MNI152 T1w brain template depict segmentations of the

basal ganglia and hippocampal subfields, selected to optimise structural visualisation. B. 3D renderings show superior (S) and inferior (I) views of the segmented

regions, with key subcortical structures labelled in their respective colours. 2. Significant deviations in subcortical iron markers for each sr-mTBI participant relative

to the HC population. A. Axial views of the CIT168-MNI152 T1w template highlight significant subcortical ROIs for each participant, shown in the segmentation

colours. B. 3D renderings highlight regions with significantly elevated (red) or reduced (blue) z-scores to show regions with abnormal iron profiles; all other regions

are greyed out. CA = cornu ammonis; GP = globus pallidus (GPi = internus; GPe = externus); SN = substantia nigra (SNc = pars compacta; SNr = pars reticulata);

PBP = parabrachial pigmented nucleus; VTA = ventral tegmental area.

On aggregate, incidence rates of abnormal iron markers tended to cluster around the
midline, in commissural nuclei, and inferior regions (see Fig. 7.3). A particularly high
concentration was observed in the hippocampus, which is located inferior to the basal
ganglia. Within the hippocampus, prevalent abnormal iron markers were observed near
the anteromedial aspect of the hippocampus (the hippocampal head), decreasing in fre-
quency laterally and toward the distal tail. In contrast, more superior regions, including
the dorsal aspect of the hippocampus and the basal ganglia (excluding the mammillary
nucleus) appeared to be less affected.
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Figure 7.3: Aggregated regional incidence of abnormal iron markers
This figure presents a 3D model of relative incidence rates aggregated across the “iron-abnormal" mTBI population from a superior (1) and inferior (2) view. Incidence

rates are represented in grey scale (high: black; low: white). A. Depicts the hippocampus in isolation. Anteromedial and commissural (i.e., the fimbria) structures of

the more inferior hippocampus show a higher incidence of abnormal z-scores than more superior or lateral structures. The medial aspect of the anterior hippocampal

head is more frequently affected than lateral regions or the more distal tail. B. Depicts the basal ganglia in isolation. Substructures of the superiorly-situated basal

ganglia show relatively lower rates of abnormal iron markers than the underlying hippocampal formation, with affected regions also primarily located in relatively

more inferior and structures near the midline. C. Provides a combined view integrating both hippocampal and basal ganglia regions. The CA1 region has been

omitted due to a negative z-score.

After subdividing the mTBI participants into iron-normal (20/35; 57%) and iron-
abnormal (15/35; 43%) sub-groups based on their individual profiles, a one-way ANOVA
showed no significant differences in age between the three groups (iron-normal mTBI, iron-
abnormal mTBI, and controls), F(2, 32) = 1.12, p = 0.3. A Mann-Whitney U test revealed
no significant difference in BIST scores between iron-normal (M = 35.6, SD = 30.8) and
iron-abnormal (M = 41.7, SD = 34.5) mTBI participants, U = 120, p = 0.5.

7.5.2 Patterns between symptoms and subcortical iron-related markers

This section is included for descriptive purposes, and relates to observations rather than
results of inferential statistics. Elevated iron markers with hippocampal involvement
presented alongside self-reported cognitive symptoms (including cognitive impairment,
memory deficit, concentration issues, confusion, and clinical notes related to mental fog
and bradyphrenia). Disturbances in arousal (fatigue and sleep) and sensory sensitivit-
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ies (including headache, photophobia, and phonophobia) were reported by 92% of par-
ticipants with hippocampal abnormalities. Vestibulo-ocular dysfunction (including vesti-
bular symptoms, vertigo, ataxia, and visual disturbance) were slightly less common in
this cohort (85%), followed by mood disturbances (77%). Participants with elevated hip-
pocampal iron markers that included the parasubiculum reported cognitive impairment
and vestibulo-ocular symptomatology at a 100% incidence rate. Elevated iron markers in
the mammillary nucleus, which almost invariably co-occurred with hippocampal regions
and rarely with other basal regions, were also associated with high incidences of cog-
nitive symptoms and vestibulo-ocular disturbances, as well as issues related to arousal
(86% each). In contrast, relatively lower frequencies of all symptom clusters were observed
across participants with abnormal iron markers inclusive of basal ganglia subregions.
Cognitive impairment and arousal disturbances occurred in 89% of these participants,
vestibulo-ocular and sensory dysfunctions in 78% each, and mood disturbances in 67%
(see Table 7.2 for all symptom/region information).

7.6 discussion

Group-level analytic methods currently dominate the field of clinical research. However,
the suitability of this approach for comprehensive understanding of neuropathology, par-
ticularly in the context of mTBI, may be limited. By focusing on population-level effects,
subtle, yet clinically meaningful, inter-individual differences in pathophysiology may be
overlooked. This could limit our understanding of this injury and hinder the implementa-
tion of individualised rehabilitation strategies and treatments. I believe, therefore, that re-
search incorporating comparisons of individual clinical participant data to healthy norm-
ative ranges can play a key role in informing targeted neural and pharmacological in-
terventions. To advance the understanding of iron aggregation in acute mTBI, I conduc-
ted the first QSM-based, dedicated individualised analysis of subcortical brain regions.
Here, detailed segmentations of the basal ganglia were integrated with comprehensive
delineation of the hippocampal subfields; an approach designed to overcome the anatom-
ical limitations of previous group-level QSM investigations (see Chapter 3). Iron markers
across 15 basal ganglia segmentations and 10 hippocampal subfields for individual mTBI
participants were assessed relative to a normative control population using z-scores, en-
abling identification of subcortical regions where iron markers significantly deviated from
a healthy reference range.

Results revealed abnormal subcortical iron profiles in approximately half of the mTBI
sample, most of which involved at least one hippocampal subfield. Hippocampal abnor-
malities were not only observationally linked to a high incidence of cognitive symptoms,
but were also associated with more frequent occurrence of all symptom clusters relative
to participants whose abnormal profiles involved the basal nuclei. Among the hippocam-
pal subregions, the parasubiculum was both the most prevalent ROI to be affected, and
universally accompanied self reported cognitive and vestibulo-ocular symptoms. For iron-
abnormal mTBI participants with basal ganglia involvement, elevated iron markers in the
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mammillary nucleus were also prevalent, occurring at the same incidence rate as mark-
ers in the parasubiculum across the entire iron-abnormal cohort. Significant z-scores in
the mammillary nucleus most often co-occurred with hippocampal abnormalities or in
isolation, rather than concomitant with abnormal z-scores in other basal nuclei. Symptoms
related to cognitive, arousal, and vestibulo-ocular dysfunction were the most frequently re-
ported symptoms among mTBI participants with mammillary nucleus involvement. Stat-
istical analysis of injury severity scores between iron-normal and iron-abnormal mTBI
participants revealed no significant differences, suggesting that although abnormal subcor-
tical iron profiles may be observationally associated with specific symptom phenotypes,
they may not be directly related to injury severity on aggregate.

7.6.1 Regional injury vulnerability in the hippocampus

The basal ganglia remain the most commonly targeted subcortical regions of interest in
QSM investigations of mTBI due to their high iron load in the brain (Bell et al., 2024;
Gong et al., 2018; Koch et al., 2018; Koch et al., 2021; Pinky et al., 2022; Wright et al., 2022;
Zivadinov et al., 2018a) and extensive white matter connections with both cortical and sub-
cortical structures (Lifshitz et al., 2007; Ropper et al., 2007) which increase vulnerability to
shear and strain in mTBI (Raz et al., 2011). This excessive biomechanical loading may alter
iron expression via secondary injury mechanisms (Gozt et al., 2021a). In addition, the nat-
urally high levels of iron in these nuclei, which under normal conditions support metabolic
functions (Gozt et al., 2021a; Hallgren et al., 1958; Levi et al., 2024), may exacerbate risk
of trauma-induced cytotoxicity mediated by iron (Haacke et al., 2005). This high regional
iron content also render the basal ganglia particularly amenable to imaging methods sens-
itive to tissue magnetic susceptibility, such as QSM. Collectively, these factors underscore
the rationale for selecting the basal ganglia as logical targets in QSM-based mTBI research.
However, the higher incidence rates of iron-related abnormalities observed in hippocam-
pal regions compared to the basal ganglia in this individualised study suggest that the
prevailing focus on basal structures may represent a critical oversight. Results presented
here indicate that the underlying hippocampus and surrounding cerebrum may instead
afford the basal ganglia a relative degree of structural protection from injury (see Fig. 7.4).

Despite the medial temporal lobe’s known vulnerability to traumatic insult (Bigler et al.,
2002; Christidi et al., 2011), the hippocampus remains under-studied in QSM-based invest-
igations of mTBI. Viewed in the context of the broader literature, the general predilection
for hippocampal iron-related abnormalities across participants in this study indicate local
changes to magnetic susceptibility that may be related to iron-driven secondary injury
mechanisms (Daglas et al., 2018; Gozt et al., 2021a) congruent with regional vulnerability
of the hippocampus to mechanical deformation in TBI (Bigler et al., 2002). Both acute and
chronic pathophysiological sequelae associated with hippocampal regions following mild-
to-severe traumatic injury can include cytotoxic secondary injury, disruptions to vascular
and metabolic function, DAI of afferent and efferent fibers, and even CTE-associated tauo-
pathy and focal atrophy as a downstream pathological event (Bieniek et al., 2021; Christidi
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et al., 2011), for which iron overload may be a mediating factor (Gozt et al., 2021a; Huang
et al., 2021; Nisenbaum et al., 2014; Orr et al., 2024). On aggregate, the results of the present
study suggest that the hippocampus is a primary site of mTBI-related pathophysiological
processes.

7.6.2 Towards a region-of-risk model of mTBI

The distinct, subfield-specific patterns that emerged when abnormal iron markers were
aggregated across participants highlights not only the hippocampus but also specific sub-
fields and spatial locations as regions with heightened vulnerability to injury. Injury bio-
mechanics and morphology of the skull base may contribute to increased mechanical
loading and strain, focal tissue damage, and a resultant dynamic cascade of secondary
injury mechanisms which may include altered iron signalling in select vulnerable, and in-
terconnected, regions (see Fig. 7.4). Specifically, the concentration of iron markers in the
parasubiculum, mammillary nucleus, and fimbria support and extend findings from the
group-wise study of cortical iron markers presented in Chapter 6 which demonstrated
localisation of abnormal positive susceptibility values to the adjacent cortical region; the
parahippocampal gyrus.

Anatomically, the head of the hippocampus is situated approximately 2 cm from the
irregular sphenoid ridge at the junction of the anterior and middle cranial fossa, and is
particularly susceptible to mechanical deformation over this bony protrusion during im-
pact (Bigler, 2007). The parasubiculum, as part of this region (Poeta et al., 2022), may thus
be more vulnerable to injury than hippocampal substructures located peripherally to this
region of heightened injury risk (e.g., the subiculum) or in the more distal hippocampal
tail. This observation is supported by a high degree of spatial overlap between areas of
varying injury vulnerability, as informed by cranial-dural architecture and injury biomech-
anics, and the relative incidence rates of abnormal z-scores observed here which cluster at
the anterior aspect of the hippocampus (the hippocampal head), and diminish with prox-
imity to this region (see Fig. 7.4). These results further refine the anterior medial temporal
lobe-centric (Bigler, 2007; Mckee et al., 2015) region-of-risk model posited in Chapter 6.
Data from investigations of temporal lobe epilepsy suggests that parasubicular neurons
are hyper-excitable (Sullenberger et al., 2019), which may contribute to iron accumulation
as a consequence of excitotoxicity in mTBI (Huang et al., 2021), further exacerbating re-
gional risk. Additionally, the contribution of iron deficiency to neuron loss (Levi et al.,
2024) provides a plausible explanation for the abnormally low z-score observed in the
hippocampal CA1 region of a single participant in this study, reinforcing a hippocampus-
specific model of tissue disruption.

Beyond the medial temporal lobe, midline and commissural structures, including the
fornix, are increasingly recognised as regions prone to excessive biomechanical loading
during sports-related mTBI impacts, and have been associated with memory and cognitive
impairments in 30-50% of cases and removal from play in 30% (Viano et al., 2005). Damage
to midline structures has also been cited as a risk factor for subsequent mTBI (Churchill
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et al., 2021), and although these observations were not directly related to the structures
under investigation in the present study, the incidence of abnormal iron markers in the
mammillary nucleus and fimbria observed in this sample is nonetheless noteworthy. The
fimbria is a key component of the fornix; a commissural tract not only connecting the bilat-
eral hippocampus, but the hippocampus to the mammillary bodies (Bigler, 2007; Senova
et al., 2020). Evidence of dyshomeostatic mechanisms focal to this region may be related
to head kinematics during impact, whereby rotational forces are a likely cause of strain-
related diffuse injury (A. I. King et al., 2003; Kleiven, 2013), which may be particularly
damaging to the fornix (Viano et al., 2005) and related nuclei. In addition, the mammillary
bodies, located on the inferior aspect of the diencephalon, are paired structures that sit on
either side of the midline and are connected by the intermammillary sulcus (Meys et al.,
2022). These nuclei are also related to the commissural fornix, forming the terminals of its
anterior pillars (Rich, 2018).

Degeneration of both the fornix and mammillary bodies has been extensively docu-
mented in TBI, which is attributed to medial temporal lobe trauma and disruption of
these regions as downstream targets (Bigler, 2007). The mammillary bodies receive projec-
tions from the parasubiculum (Rich, 2018), and abnormal iron markers in this region may
represent a more subtle, but pathologically significant, manifestation of degenerative ex-
citotoxic processes that exist on a continuum with more severe TBI. The interconnection of
these two regions may not only explain equivalent incidences of iron-related abnormalities
in these regions, but their frequent co-occurrence within individual participant results (see
Table 7.2). Taken together, these data not only reinforce the importance of subfield-specific
investigations of the hippocampus and granular segmentations of the basal anatomy, but
also provide evidence that sites of cellular distress signalling can be mapped to potential in-
jury mechanisms via quantification of positive susceptibility and the use of individualised
analytic techniques. This lends support to the utilisation of individualised study designs
to detect heterogeneous changes in brain tissue content, and contributes to the current
understanding of the relationships between potential iron overload, injury dynamics, and
mTBI pathophysiology.

7.6.3 Regional iron dysregulation, symptom cluster, and Papez circuit integration

Disruption to cellular integrity can impede function, resulting in changes to cognition and
behaviour that may be related to specific injury biodynamics and loci of neuronal injury
(Orr et al., 2024). Although elevated subcortical iron markers were not associated with
greater self-reported symptom severity, and causal inference is precluded in this sample,
the universal incidence of symptom clusters within the cognitive domain among parti-
cipants with abnormal hippocampal iron markers is consistent with extant literature link-
ing memory and cognitive deficits to medial temporal lobe damage (Christidi et al., 2011)
and iron dyshomeostasis (Huang et al., 2021; Lu et al., 2015). In addition to the general
concentration of abnormal iron markers within the hippocampal subfields broadly, the
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Figure 7.4: Spatial alignment between regions of heightened injury risk and abnormal iron markers
This figure highlights the anatomical alignment between structural vulnerability and impact biomechanics with aggregate iron markers in subcortical brain regions

across “iron-abnormal" mTBI participants. 1. Visualises the cranial base from a superior view. Key regions of mechanical risk, including the sphenoid ridge and

midline zones, are highlighted in red. 2. Provides a 3D render showing spatial alignment between regions of risk and incidence rates of abnormal iron markers

across the sample. This model provides a visualisation of the vulnerability of inferior structures, particularly in the anterior aspect proximal to the sphenoid ridge,

as well as midline and commissural regions, to cranial impact, strain, and force transmission. The basal ganglia, shielded from below by the hippocampus and from

above by the cerebrum, may be afforded more protection from injury. The CA1 region has been omitted due to a negative z-score.

mammillary nucleus and parasubiculum emerged as consistent sites of abnormal iron
loading which could speculatively be related to symptom phenotype.

Although the specific role of the parasubiculum in mTBI-induced pathology and asso-
ciated symptomatology remains under explored, its involvement in key pathways mediat-
ing cognitive and vestibulo-ocular functions may offer a plausible explanation for clinical
deficits reported by participants presenting with abnormal iron profiles in this region.
Participants with elevated iron markers in the mammillary nucleus also reported similar
symptoms, with an additional high incidence of arousal disturbances (see Table 7.2). Func-
tional and structural connectivity between these two regions (Rich, 2018; Swanson et al.,
1975) may account not only for the overlapping symptomatology, but also for the frequent
co-occurrence of abnormal iron markers.

As part of the subicular complex, the parasubiculum occupies a central position in the
medial temporal lobe memory system, supporting memory formation (Ding, 2013; Kerr
et al., 2007). This is exemplified by observations of pyramidal cell loss and the formation
of severe NFTs in the parasubiculum in AD (Van Hoesen et al., 1990) with memory loss as
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a central feature (Jahn, 2013). The parasubiculum also plays a critical role in spatial inform-
ation processing (Boccara et al., 2010; Sammons et al., 2019). This region is anatomically
and functionally connected to the area prostriata, which projects to visual, motor, and aud-
itory regions (Ding, 2013), and interfaces with the entorhinal cortex, a region critical for
both memory formation and integration of vestibular and directional cues in spatial navig-
ation (Kerr et al., 2007; Taube, 2007). Directional and spatial orientation signals are further
modulated by connections to the mammillary bodies. “Head-direction” cells responsive to
head orientation and spatial encoding in the presubicular and parasubicular cortices (Boc-
cara et al., 2010; Cacucci et al., 2004; Sammons et al., 2019) transmit signals to the lateral
mammillary nucleus to facilitate navigation and orientation (Vann et al., 2004).

The mammillary bodies also serve as a central pathway for memory processes. In addi-
tion to receiving hippocampal outputs via the fornix (Senova et al., 2020), the mammillary
bodies relay these signals to the anterior thalamic nuclei through the mammillothalamic
tract (Miyashita, 2022). This relay function is a critical component of the Papez circuit cent-
ral to emotion and memory (Aggleton et al., 2016). Damage to this fundamental network
has been associated with a variety of neurological disorders that have cognitive impair-
ment as a defining feature, including AD, PD, semantic dementia, and global amnesia
(Aggleton et al., 2016; Bhattacharyya, 2017). Atrophy of the mammillary bodies is also dis-
tinguishing feature of Korsakoff syndrome, a degenerative neurological disorder related
to chronic alcohol abuse which is characterised by episodic memory deficits (Vann et al.,
2004), and linked to dysfunction within Papez circuit (Bhattacharyya, 2017).1 Within the
context of mTBI, pathology of the mammillary bodies has been cited as an antecedent of
memory impairment stemming from Papez circuit disconnection in retired athletes with
a history of repetitive mTBI (Miyata et al., 2024). By extension, it is plausible that similar
symptoms reported by participants with evidence of iron accumulation in these key, highly
interconnected, regions might arise from dysfunction of these central circuits.

Finally, the high incidence of issues related to arousal also reported by participants with
abnormal iron markers in the mammillary nucleus could speculatively be attributed to
disruption of histaminergic neurons within the mammillary bodies that regulate arousal
and wakefulness. Damage to these neurons has been identified as a mediating factor in
sleep dysregulation following mTBI (Piantino et al., 2022), corroborating this hypothesis.

7.6.4 The potential of an individualised approach for enhancing research and clinical care

Collectively, the distribution of abnormal iron markers across subcortical nuclei suggests
a region-of-risk model informed by injury biomechanics and a complex interplay with cra-
nial and dural architecture (see Fig. 7.4). It is well-established that different biomechanical
forces give rise to heterogeneous and dynamic injury cascades, complicating the study of
mTBI pathophysiology (Orr et al., 2024; Rosenbaum et al., 2012). The results presented
here suggest that characterising dyshomeostatic iron signalling at the individual level may

1 Renowned neurologist Dr. Oliver Sacks portrays the memory deficits related to Korsakoff syndrome through
the case of “Jimmie G”, featured in his classic book, The Man Who Mistook His Wife for a Hat; a text I highly
recommended to interested readers.
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serve as a viable proxy for secondary injury mechanisms occurring in a subset of individu-
als, and at specific spatial locations. These data indicate that mTBI induces iron overload
in at least one subcortical region for 43% of participants with mTBI. Taken together with
the lack of identifiable differences in positive susceptibility between mTBI participants and
controls in the previous group level investigation (see Chapter 5) and in the literature more
broadly (Bell et al., 2024; Gong et al., 2018; Koch et al., 2018; Koch et al., 2021; Pinky et
al., 2022; Wright et al., 2022; Zivadinov et al., 2018a), this finding suggests that iron dys-
homeostasis in the deep grey matter may not constitute a feature of mTBI generalisable
to all cases. However, the use of individualised modelling likely enables identification of
instances at the single-subject level where iron accumulation may be occurring, provid-
ing biologically informative results that are otherwise lost to averages. This suggests that
targeted interventions, for example iron chelation therapies (Jia et al., 2023; Khalaf et al.,
2019; Long et al., 1996; Panter et al., 1992; J. Zhao et al., 2014), may be beneficial for some
individuals, emphasising importance of identifying individual variation that could inform
the development of future clinical trials and specific treatment strategies (Marquand et al.,
2019). In addition, leveraging inherent tissue susceptibility variations has the potential to
identify not only specific injury patterns but also individuals at elevated risk of suboptimal
recovery, subsequent injury, or localised tissue pathology, provided that study designs are
suitably responsive. Furthermore, the observed relationships between loci of abnormal
iron markers and symptom clusters alludes to the potential of individualised approaches
to elucidate how distinct patterns of cellular disruption may be related to specific clinical
phenotypes.

This study also underscores inherent limitations of the standard methodological focus
prevalent in contemporary QSM-based mTBI research. Specifically, identifying hippocam-
pal subfields and the mammillary nucleus as primary loci of acute, iron-related mTBI
pathophysiology suggests that prior research concentrated only on major basal ganglia
structures (Bell et al., 2024; Gong et al., 2018; Koch et al., 2018; Koch et al., 2021; Wright
et al., 2022), or using gross hippocampal segmentations (Pinky et al., 2022; Zivadinov
et al., 2018a), is likely insensitive to discrete regions differentially affected by injury. At
minimum, the results highlight the need to incorporate both individualised analyses and
detailed segmentations into future research designs to improve understanding of regional,
inter-individual tissue content changes following mTBI, and provides evidence that calls
for the scientific community embrace new paradigms that account for injury heterogen-
eity (Rosenbaum et al., 2012) and more detailed segmentations (Gozt et al., 2021a) are
well-founded.

Lastly, the congruence between dominant spatial distributions of abnormal iron markers
in this sample and diagnostic features of CTE are concerning given the putative relation-
ship between the two (Bouras et al., 1997; Yamamoto et al., 2002; Zecca et al., 2004). In
particular, the presence of NFTs in the hippocampus and mammillary bodies is diagnostic
of CTE and CTE burden (high versus low) (Bieniek et al., 2021). Identifying these specific
regions as common locations of potential iron dyshomeostasis in mTBI raises further ques-
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tions about the interrelatedness of acute cascades that may present as later-life pathology
in a subset of individuals.

7.6.5 Limitations and future research

In addition to the limitations described in Chapter 5 that apply equally here, several further
constraints specific to this individualised approach remain. There is a lack of any widely
established best-practice method to normalise the HC z-distribution. For example, other
individualised QSM research has employed less stringent filtering at three times IQR to
detect more severe TBI pathology (Domínguez et al., 2024). Future research would benefit
from standardised practices for outlier detection. The mammillary nucleus, in particular,
was more extensively filtered than other regions. This may have contributed to a greater
proportion of abnormal z-scores in this region, despite a residual sample size that is still
more robust than other comparable studies (Domínguez et al., 2024). In addition, the use
of nonparametric approaches for between-group comparisons of iron-normal and iron-
abnormal mTBI participants is limited by the inherent challenges associated with small
and unequal sample sizes, which may compromise the statistical power and reliability of
these findings and results should be interpreted with caution.

Natural age-related increases in subcortical (and cortical) iron can also be particularly
pronounced within this specific age range (Hallgren et al., 1958), and although the ages of
the HC and mTBI participants were closely matched with no statistically significant differ-
ences between groups, some confounding effects may still be introduced. For example, the
relative under representation of abnormal iron markers in the basal substructures (with
the exception of the mammillary nucleus) may be related to the potential confounding ef-
fects of age-related increases in iron. These effects may be particularly relevant in regions
known to exhibit elevated iron content during normal ageing such as the red nucleus,
substantia nigra, globus pallidus, putamen, and caudate (Ashraf et al., 2018; Bilgic et al.,
2012; Hallgren et al., 1958; Madden et al., 2023; Treit et al., 2021). In Chapter 5, evidence of
significant age-related increases in positive susceptibility were observed in the putamen,
caudate, parabrachial pigmented nucleus, ventral pallidum, and red nucleus across the en-
tire sample. Many of these substructures showed no evidence of abnormal individualised
iron markers compared to the HC population. Despite the lack of statistically significant
age differences between groups in all relevant analyses, it is still possible that age-related
variability in regional iron content may yield an inherently broader normative distribu-
tion, thereby confounding identification of abnormal iron markers in the mTBI cohort. In
principle, within a sample so closely age-matched, the normal distribution reflects typ-
ical variation in susceptibility values, but age effects may not be fully accounted for. The
power of z-scores to regress out the effects of these variables is limited, particularly at
small sample sizes, and future research should thus consider recruiting large control co-
horts that enable more robust approaches, such as normative modelling (Marquand et al.,
2016).
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Although this study used detailed segmentations, some structural limitations remain.
For instance, the mammillary bodies comprise functionally and structurally distinct sub-
regions. Evidence from murine models suggests that head-direction cells are present in
the lateral, but not medial, mammillary nuclei (Vann et al., 2004). Future investigations
should consider additional segmentation granularity, whilst balancing the need to detect
subregion-specific pathophysiology and challenges related to multiple comparisons. In ad-
dition, individualised approaches should integrate additional MRI imaging modalities, for
example, to investigate white matter pathway integrity as a marker of axonal injury (e.g.,
by dMRI) and/or functional connectivity via fMRI. A multi-modal approach would facil-
itate a deeper understanding of how specific tracts, networks, and nodes are implicated in
injury-related pathophysiology and symptomatology, and how this may relate to patterns
of cellular disruption in grey matter on QSM.

Lastly, it should also be noted that any inferences made about the relationship between
abnormal regional iron markers and symptomatology here and in the following chapter
(Chapter 8) are observational only; the small sample size and some ambiguity in self-
reported symptoms precludes the use of inferential statistics. Additional intra-individual
overlap in abnormal z-scores in basal and hippocampal ROIs also inhibits precise delin-
eation of the relationship between basal versus hippocampal z-score clusters and clinical
symptom phenotype. The reader should bear in mind that any inferences made are specu-
lative, and do not represent a one-to-one symptom-to-ROI mapping.

7.7 conclusions

This chapter presents the first comprehensive, individualised QSM investigation of iron-
related tissue content changes in subcortical grey matter regions following mTBI. Whilst
the results of this research highlight inter-individual differences in regions with abnormal
iron markers, the general concentration of elevated z-scores in specific hippocampal sub-
fields allude to a region-of-risk model aligned not only with results from Chapter 6, but
regional vulnerability, anatomical and functional connectivity, injury biodynamics, and
cranial–dural morphology that is well established in the existing TBI literature. Abnormal
markers, particularly in hippocampal subfields and mammillary nucleus, may also be re-
lated to distinct clinical phenotypes, as evidenced by observational relationships between
loci of abnormal z-scores and specific symptom clusters. As an extension of the group-
wise analyses described in Chapter 5 where few significant between-group differences
were identified in these subcortical regions, this individualised study supports the use of
analytic techniques sensitive to inter-individual variation to more accurately characterise
potential injury-induced grey matter micropathology.
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8
M T B I I N C R E A S E S C O RT I C A L I R O N M A R K E R S :
I N S I G H T S F R O M I N D I V I D U A L I S E D A N A LY S I S

8.1 introduction

This thesis has underscored the general scarcity of QSM-based investigations examining
the role of brain iron in microstructural grey matter tissue damage induced by mTBI.
However, this gap is especially pronounced for the cerebral cortex, a region known to
be highly susceptible to mechanical strain and “water hammer” injury (Bakhtiarydavijani
et al., 2021; Ghaderi et al., 2024; Kornguth et al., 2017), yet one that has been almost en-
tirely overlooked. As discussed in Chapter 3 and Chapter 6, the two studies investigating
the cortex were insufficiently sensitive to variation in depth and curvature (Gong et al.,
2018; Pinky et al., 2022). In addition, these studies relied on group-level statistical ana-
lyses, which can obscure individual brain changes due to the subtle nature of cell damage
associated with mTBI. Chapter 7 highlighted how this analytic approach may limit our
understanding of this heterogeneous injury and inhibit the identification of personalised
injury profiles, hindering the implementation of individualised rehabilitation strategies,
guidelines for safe return-to-play, and the application of precision medicine. It is there-
fore essential that research incorporates comparisons of clinical participant data to healthy
normative ranges as a component of best-practice research, and to inform individualised
neural and pharmacological interventions.

To address this gap, and extend the individualised investigations described in Chapter 7
to include cortical ROIs, I conducted the first investigation of individual differences in cor-
tical magnetic susceptibility after mTBI. To achieve this, I applied the techniques outlined
in Chapter 7 to: 1) generate personalised profiles of potential cortical iron deposition fol-
lowing sr-mTBI; and 2) enhance these findings by deriving profiles sensitive to cortical
architectonics, specifically depth and curvature, as a complementary secondary approach.
The results of this individualised study were also used to enhance the accuracy of stat-
istical analyses for elucidating the connection between significant positive susceptibility
values in the cortex and self-reported injury severity. Employing this targeted approach
to both subcortical and cortical investigations separately enables differentiation between
the unique contributions of iron accumulation patterns via positive susceptibility values
across superficial and exposed regions relative to those in deeper brain structures. In turn,
this differentiation may elucidate how distinct spatial profiles of abnormal iron markers
may contribute to risk factors for adverse outcomes. Evidence from Chapter 6 suggests that
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elevated magnetic susceptibility should be most evident in ROIs in the temporal lobe (see
Fig. 6.2). However, given the preliminary and exploratory nature of this study, no specific
a priori hypotheses were made about the direction of effects for all cortical regions.

8.2 materials and methods

Ethical approval, recruitment details, inclusion and exclusion criteria, and data collection
methods are reported in Chapter 5. Participant sample characteristics and radiological
clinical scan review are detailed in Chapter 7 and Table 7.1. Image acquisition, QSM re-
construction, and thresholding details are provided in Chapter 5. In keeping with the
individualised research study outlined in Chapter 7, only QSM+ maps were used in the
subsequent analyses due to the more reliable and robust biological interpretation offered
by positive QSM values.

8.2.0.1 Cortical column generation

Cortical column generation and cortical curvature details are provided in Chapter 6. How-
ever, in this investigation, each cortical column was segmented into six equidistant depths
extending from the pial surface to the GM/WM boundary using MRtrix3 tckresample
(Tournier et al., 2019). This approach differs both from the research outlined in Chapter 6
and some previous investigations utilising this technique, where 21 equidistant depths
were employed (Y. Ma et al., 2023; Merenstein et al., 2024). Here, six depths were used to
decrease the number of depth-wise comparisons, and to better approximate the structure
of the intracortical layers (Waehnert et al., 2016; Waehnert et al., 2014). These depths rep-
resent equidistant segmentations rather than specific cellular laminae (layers I–VI) of the
cortex.

8.2.1 Personalised QSM profiles

To generate individual QSM+ profiles for each ROI at the bilateral level, mean positive
susceptibility values were extracted across the whole ROI (curvature and depth combined),
as well as three curvature bins (gyral crown, sulcal bank, and sulcal fundus) and six cortical
depths independently for all 34 ROIs using MATLAB (2024a). For the whole-ROI profiles,
z-scores were calculated using the formula provided in Chapter 7. An abbreviated and
adapted processing pipeline has been included below for accessibility and relevance (see
Fig. 8.1). In brief, z-scores were calculated for HC and mTBI participants by subtracting
the HC group mean from each individual’s susceptibility value and dividing by the HC
group standard deviation (see Eqn. 7.1 for full equation). HC outliers were filtered at 2
times IQR, resulting in the exclusion of data from n = 1 HC participants in three of the
34 ROIs, and data from n = 2 HC participants in one of the 34 ROIs. After filtering, the
Shapiro-Wilk normality test yielded an average W value of M = 0.96 (SD = 0.02) for all
cortical ROIs, indicating that the data distribution within each ROI was close to normal.
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The same process was repeated for each depth at each curvature bin, however, the IQR
filter was omitted due to the number of comparison points.

Figure 8.1: Abbreviated and adapted pipeline for generation of individual cortical iron profiles
After QSM images were thresholded to create a positive sign map, mean positive susceptibility values were extracted for each of the 34 cortical ROIs. Z-scores were

calculated using the mean and standard deviation of the HC group, and standardised around a mean of zero. The HC distribution was filtered to remove outliers

exceeding two times IQR for a normalised distribution. Individual profiles for mTBI participants were constructed by comparing each mTBI participants’ z-scores to

the healthy normal distribution, while controlling for multiple comparisons across ROIs. Secondary profiles were generated to map abnormal cortical iron markers

across 6 cortical depths and three curvatures (crown, bank, and fundus). QSM = quantitative susceptibility mapping; ROI = region of interest; mTBI = mild traumatic

brain injury; HC = healthy control; IQR = interquartile range.

8.3 statistical analyses

To assess statistical significance for whole-ROI mTBI z-scores, two-tailed p-values were
calculated from the z-scores using the cumulative distribution function of the standard
normal distribution. A FDR correction (Benjamini et al., 1995) was applied to the p-values
for 34 ROI-wise comparisons. The same process was repeated for each depth and curvature
bin as a secondary, exploratory measure.

In keeping with Chapter 7, additional statistical tests were conducted. A two-tailed,
nonparametric, Mann-Whitney U test was used to assess differences in injury severity
(BIST score) between mTBI participants whose z-scores significantly deviated from HC
norms (i.e., iron-abnormal) and those whose scores did not (i.e., iron-normal) as identified
via primary and exploratory analyses, respectively. An ANOVA was also conducted to
assess whether age was significantly different between each iron-normal, iron-abnormal,
HC grouping to ensure that age was not confounding individualised results, particularly
in so young a cohort. As with Chapter 7, mTBI-17 was excluded from these analyses only
due to missing BIST information (see Table 7.1 in Chapter 7).
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8.4 results

To understand the effects of mild brain trauma at the level of the individual, personalised
profiles of iron-related differences in positive susceptibility were generated across 34 cor-
tical ROIs for each mTBI participant. Secondary analyses sensitive to cortical depth (one
through six, from the pial surface to the GM/WM interface) and curvature (crown, bank,
and fundus) were conducted to assess more subtle effects that may be influenced by cor-
tical morphology and otherwise lost in whole-ROI susceptibility estimation. Differences in
cortical iron markers between mTBI participants with normal and abnormal iron profiles
identified in both primary and secondary individualised analyses were also assessed.

8.4.1 Regional individualised cortical iron profiles

Of the 35 mTBI participants, 11 (31%) exhibited significantly elevated positive susceptib-
ility for at least one ROI relative to the HC population template (see Table 8.1), likely
indicating elevated iron. No clinical participants’ z-scores were significantly lower than
the HC population.

In these 11 clinical participants, injury-related elevated susceptibility was evident across
all cortical lobes, however, elevated iron markers were predominantly localised to either
a single lobe (45%) or two lobes (45%). Only one participant (9%) exhibited widespread,
multi-focal abnormalities across the cortex (see Table 8.1). Notably, a high density of af-
fected ROIs was observed in the temporal lobe for 82% (9 out of 11) of participants with
abnormal iron profiles. In contrast, 45% (5/11) had abnormal iron in occipital ROIs, 27%
(3/11) in frontal ROIs, 18% (2/11) in the insula or cingulate, and only one participant (9%)
had an abnormal profile inclusive of parietal ROIs. This variability reflects the diverse
regions impacted by exposure to mild brain trauma (see Fig. 8.2).
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Figure 8.2: Individualised profiles of abnormal iron accumulation sites following mTBI
Visualisation of the specific ROIs and lobes affected in each mTBI participant, highlighting regions where z-scores significantly deviate from the HC population,

highlighting the individualised profiles of iron accumulation following mTBI. The lobes are colour-coded as follows: frontal lobe (green), parietal lobe (yellow),

temporal lobe (orange), occipital lobe (blue), and insula/cingulate (purple). The selected orientations (C: coronal, A: axial, S: sagittal) are for best visualisation of

each participants’ result. These maps have been thresholded for positive susceptibility values (iron-related) and are expressed in ppm from 0.0 to +0.05. Z-scores are

detailed in Table 8.1.

Figure 8.3: BIST scores by cortical iron status
BIST scores as a function of cortical iron marker status (normal vs. abnormal) in

mTBI participants. Median (black squares) and mean (blue circles) BIST scores

were both higher for iron-abnormal mTBI participants. 95% confidence intervals

are indicated using blue bars for each group.

After subdividing the mTBI participants
into iron-normal (24/35; 69%) and iron-
abnormal (11/35; 31%) based on their
individual ROI-wise profiles, a one-way
ANOVA showed no significant effect of
age between the three new groups (iron-
normal mTBI, iron-abnormal mTBI, and
controls), F(2, 26) = 2.0, p = 0.2. The Mann-
Whitney U test revealed that injury sever-
ity (BIST scores) were significantly worse
for the iron-abnormal mTBI group (M =
59.6, SD = 40.5) than the iron-normal mTBI
group (M = 29.2, SD = 23.3), U = 57, p
= 0.02, suggesting a link between injury
severity and elevated regional cortical iron
markers (see Fig. 8.3).
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Table 8.1: Summary of significantly elevated ROI-wise z-scores and symptomatology for iron-
abnormal sr-mTBI participants in the cerebral cortex

ID Lobe(s) ROI z-score Presenting symptoms

mTBI-01 Temporal:
Occipital:

Bank, STS
Lingual Gyrus

+3.1
+4.1

Initial emesis, followed by severe tinnitus and phonophobia, vertigo, cephalalgia,
cervicalgia, photophobia, visual disturbances, cognitive impairment with confu-
sion, concentration issues, memory deficits, irritability, restlessness, fatigue, and
sleep disturbances. Moderate vestibular dysfunction and ataxia were also noted

mTBI-03 Temporal: Parahippocampal +3.7 Moderate cervicalgia, cephalalgia, photophobia, phonophobia, vertigo, vestibu-
lar dysfunction, cognitive impairment with confusion, concentration difficulties,
memory deficits, irritability, restlessness, fatigue, and sleep disturbances. Mild
visual disturbance and ataxia were present. Additional clinical notes include my-
algia.

mTBI-04 Temporal:
Occipital:

Fusiform
Lingual Gyrus

+3.0
+6.0

Moderate cervicalgia and photophobia. Mild cephalalgia, ataxia, mild cognitive
impairment with confusion, concentration issues, memory deficits, sleep disturb-
ance. Additional clinical notes include vertigo and confusion at onset

mTBI-06 Temporal:
Occipital:

Middle Temporal
LOC
Lingual Gyrus

+3.5
+3.5
+3.2

Moderate cognitive impairment, concentration issues, memory deficits, fatigue,
and sleep disturbance. Mild cephalalgia, phonophobia, photophobia, visual dis-
turbance, ataxia, and confusion. Additional clinical notes include mild vertigo
with visuomotor sensitivity and light cranial pressure

mTBI-16 Temporal: Middle Temporal
Entorhinal

+3.0
+5.7

Severe phonophobia, photophobia, vestibular dysfunction, cognitive impairment
with confusion, concentration issues, memory deficit, irritability, fatigue, and
sleep disturbance. Moderate cephalalgia, cervicalgia, vertigo, and restlessness.
Mild visual disturbance and ataxia.

mTBI-17 Temporal: Temporal Pole +3.7 No BIST. Clinical notes include transient mental fog, bradyphrenia, indecisive-
ness, and vestibular dysfunction

mTBI-18 Temporal: Temporal Pole +3.4 Moderate phonophobia, photophobia, visual disturbance, concentration issues.
Mild cephalalgia, vertigo, vestibular dysfunction, ataxia, cognitive impairment,
memory deficits, irritability, fatigue, and sleep disturbance. Additional clinical
notes include disorientation, nausea, and impaired thought

mTBI-19 Occipital:
Insula/ Cingulate:

Lingual Gyrus
Posterior Cingulate
Isthmus, Cingulate

+2.9
+3.2
+3.8

Moderate cognitive impairment, concentration issues, fatigue, and sleep disturb-
ance. Mild cephalalgia, photophobia, memory deficits, confusion. Additional clin-
ical notes include being dazed at time of injury

mTBI-27 Frontal:

Parietal:

Temporal:

Occipital:
Insula/ Cingulate:

Pars Triangularis
Caudal mPFC
Pars Opercularis
Superior Frontal
Precentral
Superior Parietal
Inferior Parietal
Supramarginal
Precuneus
STS
Transverse Temporal
LOC
Insula
Rostral ACC

+3.6
+3.3
+3.4
+3.1
+4.6
+3.3
+4.0
+5.4
+4.9
+2.9
+2.9
+4.6
+2.9
+3.7

Severe fatigue and sleep disturbance. Moderate cognitive impairment. Mild ceph-
alalgia, photophobia, phonophobia, vestibular dysfunction, memory deficits and
concentration issues. Additional clinical notes include anxiety

mTBI-28 Frontal: Caudal mPFC
Pars Opercularis
Superior Frontal

+3.7
+3.5
+3.1

Moderate cephalalgia, photophobia, phonophobia, restlessness, fatigue and sleep
disturbance. Mild cervicalgia, vertigo, vestibular dysfunction, ataxia, cognitive
impairment, concentration issues, and memory deficits. Additional clinical notes
include nausea, reduced tolerance to physical and cognitive exertion, and im-
paired coordination

mTBI-32 Frontal:
Temporal:

Lateral OFC
Middle Temporal

+7.2
+4.6

Moderate cephalalgia, cervicalgia, phonophobia, cognitive impairment, confu-
sion, concentration issues, memory deficit, restlessness, and fatigue. Mild pho-
tophobia, vertigo, vestibular dysfunction, visual disturbance, ataxia, irritability,
and sleep disturbance. Additional clinical notes include being dazed

Note. Presenting symptoms are primarily derived from BIST injury severity assessments and supplemented with additional clinical patient notes made

upon presentation of participants to Axis Sports Medicine clinics. Only participants with abnormal iron profiles are included for brevity and relevance. ID = unique

identifier; ROI = region of interest; OFC = orbitofrontal cortex; mPFC = middle prefrontal cortex; STS = superior temporal sulcus; LOC = lateral occipital cortex;

ACC = anterior cingulate cortex.
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8.4.1.1 Symptoms and cortical iron-related markers

To provide a descriptive overview of cortical iron profiles and corresponding symptomat-
ology, it should be noted that cognitive, arousal, vestibulo-ocular/movement, and sens-
ory complaints were commonly reported, whereas mood-related issues appeared less fre-
quently (see Table 8.1). Observational relationships between specific cortical regions and
abnormal iron markers suggest that abnormalities in the lingual gyrus (four participants)
consistently co-occurred with cephalalgia, photophobia, cognitive impairment (including
confusion), concentration issues, memory deficits, and sleep disturbances. The middle
temporal region (three participants) appeared to be linked to a broader symptom pro-
file, including cognitive impairment (with confusion), concentration issues, memory de-
ficits, fatigue, sleep disturbances, cephalalgia, phonophobia, photophobia, vertigo, ataxia,
and visual disturbances. Although other ROIs were less commonly affected (≤ two par-
ticipants), some descriptive inferences include the involvement of the superior temporal
region (including the superior temporal sulcus and its bank) with cognitive impairment,
headaches, photophobia, phonophobia, vestibular dysfunction, memory deficits, concen-
tration issues, fatigue, sleep disturbances, and, in one participant, severe tinnitus and
severe irritability.

8.4.2 Secondary depth- and curvature-specific individualised iron profiles

Secondary exploratory analyses sensitive to six cortical depths and three curvatures further
highlighted the heterogeneity of iron deposition in mTBI. Only 17% (6/35) of participants
retained normal iron profiles; the remaining 83% (29/35) showed elevated susceptibility in
at least one ROI, for at least one depth and for at least one curvature. Isolated instances of
negative z-scores (indicating lower iron compared to HC) were observed in seven of the 29
participants but were typically limited to a single ROI/depth combination. Overall, abnor-
mal iron markers were most pronounced in the sulcal fundus, followed by the sulcal bank,
and was least evident in the gyral crown. However, there was significant inter-individual
variability in ROI/curvature/depth combinations (see Fig. 8.4).

For the 11 participants who previously demonstrated increased iron markers in the
initial whole-ROI analyses, a similar ROI-wise distribution of elevated iron markers was
observed in depth- and curvature-specific analyses. For example, in whole-ROI analyses
mTBI-28 showed elevated susceptibility in the caudal mPFC, pars opercularis, and super-
ior frontal gyrus (see Table 8.1 and Fig. 8.2), which was localised to specific depths and
curvatures in the secondary analyses. In addition, regions that did not appear in the initial
analyses, including the insula, lateral occipital cortex, pars triangularis, posterior cingu-
late, precentral and superior parietal areas, exhibited elevated iron scores in depth- and
curvature-specific analyses (see Fig. 8.4). Conversely, mTBI-24 exemplifies a case where no
abnormal iron profiles were detected in the whole-ROI analysis, but became evident with
analyses sensitive to anatomical morphology (see Fig. 8.4).
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Figure 8.4: Cortical depth- and curvature-specific profiles of mTBI-related abnormal iron markers
Cortical depth- and curvature-specific iron profiles across five representative sr-mTBI participants. Inflated surfaces show each of the six cortical depths, from the

pial surface (depth 1) to the GM/WM interface (depth 6). Regions of abnormal iron deposition are colour-coded according to cortical curvature (crown = pink, bank

= yellow, and fundus = blue). Colour intensity shows level of statistical significance (pFDR < 0.05). Regions with lower statistical significance are harder to visually

distinguish, and are indicated by arrows in the colour of the correspondent cortical curvature. Lateral (L) and medial (M) views are used to visualise the whole brain.

Boundaries between ROIs are delineated using coloured lines. pFDR = statistical significance (p-value) after false discovery rate (FDR) correction.

After grouping mTBI participants by iron status based on exploratory depth- and
curvature-specific analysis results, a Mann-Whitney U test revealed no significant differ-
ence in BIST scores between iron-abnormal (M = 40.6, SD = 33.5) and iron-normal (M =
26.3, SD = 22.4) mTBI participants, U = 63, p = 0.35. An ANOVA showed no significant
difference in age between these groups and controls, F(2, 15) = 1.11, p = 0.36.

8.5 discussion

Of the two previous investigations inclusive of cortical ROIs (Gong et al., 2018; Pinky et
al., 2022), none have accounted for anatomical variations in cortical depth and curvature,
or the influence of inter-individual heterogeneity. The standard group-wise statistical ap-
proaches dominating the extant literature may obscure individual brain changes due to the
subtle nature of cell damage associated with mTBI. In this chapter, I conducted the first in-
vestigation of individual differences in cortical magnetic susceptibility after sr-mTBI across
34 cortical ROIs, using a healthy population template as a reference. Secondary exploratory
analyses of individual differences in susceptibility distribution at different cortical depths
and curvatures were included to better characterise injury profiles for each participant.

These findings revealed that a substantial subset of individuals with mTBI exhibit el-
evated levels of cortical positive magnetic susceptibility, indicating injury-related iron ac-
cumulation. The primary investigation evidenced abnormal iron profiles in just under
one-third (31%; 11/35) of participants relative to the HC population. Additionally, mTBI
participants with abnormal iron profiles identified in primary ROI-wise analyses experi-
enced more severe symptoms. In these 11 iron-abnormal clinical participants, elevated iron
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profiles were predominantly focal to specific lobes or bi-focal (affecting two lobes). Only
one participant exhibited multi-focal cortex-wide elevated z-scores. The high density of
affected temporal lobe ROIs indicates that, despite significant inter-subject variability, indi-
vidual iron-like susceptibility changes following mTBI are preferential to temporal regions.
Taken together, these findings support an iron-related mechanism of secondary injury that,
in the cortex, modulates symptom severity and may influence symptom presentation.

8.5.1 Individualised cortical analyses can identify at-risk sub-cohorts

Iron dyshomeostasis in the basal nuclei is known to impair cognitive function after mTBI
(Lu et al., 2015; Raz et al., 2011), however, little is known about the effect of cortical iron
aggregation on mTBI symptomatology or severity. In Chapter 6 few correlations were ap-
parent between regions of cortical iron accumulation and BIST scores, a measure of injury
severity and dominant symptom cluster. In Chapter 6, I posited that this lack of correlation
may be accounted for by known variability in the accuracy of symptom reporting or pur-
poseful underreporting of symptoms which is a common phenomenon among sports play-
ers (Kroshus et al., 2015; Meier et al., 2015). However, group-level examinations may also
obscure individual differences in addition to inhibiting the implementation of more appro-
priate statistical approaches. Assessing the effect of mTBI at the individual level facilitated
more precise between-group analyses of injury severity by differentiating between iron-
normal and iron-abnormal mTBI participants for comparison. Results from this primary
analysis revealed a significantly higher symptom burden for participants with mTBI when
their cortical iron-related profiles were also abnormal.

The field generally lacks reliable correlations between subjective assessments of injury
severity and objective measures of brain injury and recovery (McCrea et al., 2017), as well
as alignment between cognitive or clinical findings and neuroimaging results (Shenton
et al., 2012). Identifying reliable, objective markers of structural changes that are related
to subjective self-reported symptoms is crucial because individual variations in brain in-
jury location and severity can lead to vastly different clinical presentations and recov-
ery trajectories but may be missed in group-level analyses (Rosenbaum et al., 2012). Al-
though research indicates that most individuals recover well from mTBI, between 15%
(Walker et al., 2013) and 30% (Rosenbaum et al., 2012) of patients experience significant,
and in some cases life-changing, long-term clinical sequelae. Understanding the underly-
ing pathophysiological drivers of these poorer outcomes is essential for enabling precise,
patient-specific clinical interventions. The finding that 31% of participants exhibited ab-
normal iron profiles substantial enough to be detected in the primary ROI-wise analyses,
which were linked to poorer outcomes, aligns with evidence of structural brain changes
detected using advanced MRI in up to 30% of mTBI cases (Maas et al., 2022). In addition,
these results support evidence from individualised studies reporting a similar percentage
(28%) of ms-TBI cases linked to white matter anomalies in the subacute phase, which are
associated with worse cognitive outcomes (Jolly et al., 2021). Standardised susceptibility
values in the basal nuclei are also reported to correlate with mTBI symptom duration, but
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only in a sub-group of participants with persistent symptomatology for at least a week
(Koch et al., 2021).

The results presented here not only reinforce the importance of individualised analyses
in revealing associations between the extent of microstructural pathology and negative
outcomes following mTBI and the importance of investigating cortical ROIs, but also con-
tribute to the sparse literature linking symptomatology to brain changes detectable with
advanced neuroimaging. Here, the value of personalised approaches to understanding
mild brain injury and differentiating at-risk sub-cohorts becomes strikingly apparent. Fur-
ther longitudinal studies that track participants through recovery could help to determine
whether elevated ROI-wise cortical iron levels are associated with prolonged recovery, per-
sistent post-concussive symptoms, or adverse outcomes later in life. Such research may
offer insights into why a subset of individuals with mTBI fail to recover fully.

The promise of individualised assessments to identify biomarkers for mild brain injury
is particularly salient given the current absence of objective markers for mTBI diagnosis.
Diagnostic decisions are limited to subjective self-report and assessments of physiological
function (Lunkova et al., 2021; McCrea et al., 2017), as the heterogeneity of mTBI com-
plicates efforts to identify reliable biomarkers or imaging signatures that can be applied
universally across patients. Whether cortical iron accumulation reflects inflammatory pro-
cesses, BBB disruption (Gozt et al., 2021a), ferroptosis (H. Ma et al., 2022; Tang et al., 2020),
or other cytotoxic processes is beyond the scope of the current research. However, the
significantly higher symptom burden (BIST score) observed in the iron-abnormal mTBI
cohort, as identified via whole-ROI analyses, supports an iron-mediated mechanism of
brain changes related to injury severity and functional impairment, and marks cortical
iron dyshomeostasis as a promising mTBI biomarker.

8.5.2 Abnormal regional cortical iron markers and symptom phenotype

Many of the symptoms observed in mTBI resemble those seen in other iron-mediated
neurodegenerative processes, such as cognitive decline in normal ageing (Ghadery et al.,
2015), and the cognitive and motor dysfunctions characteristic of diseases like AD, HD, PD,
and FRDA, as well as MS, where iron dysregulation is a hallmark feature (Gozt et al., 2021a;
Stankiewicz et al., 2007). Genetic disorders of iron overload, such as neuroferritinopathy,
also present with cognitive and motor symptoms (Wills et al., 2002). For example, the vul-
nerability of the temporal lobe to iron accumulation post-mTBI, evident in this individu-
alised study and the results observed in Chapter 6, aligns with the memory impairments
characteristic of mTBI (Mckee et al., 2015). Individual-level data from this mTBI sample
emphasises the link between high temporal iron accumulation and memory deficits, as
exemplified by BIST scores related to memory (see Table 8.1). In addition, dizziness has
been related to high strain concentration in the frontal and temporal lobe during sr-mTBI
(Viano et al., 2005), potentially accounting for common symptoms related to vertigo and
vestibular dysfunction in the present sample.
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The diverse range of mechanistic antecedents, pathological mechanisms, and clinical
outcomes associated with mTBI reflects the complexity of the underlying pathophysiology
(Rosenbaum et al., 2012). mTBI is not a uniform injury, and structural indicators, such
as those commonly observed in other forms of TBI, do not always correlate with clinical
symptoms or outcomes (Bigler et al., 2012). Here, I speculate that abnormal iron accumu-
lation in specific cortical ROIs may be related to participant symptomatology. For instance,
the superior temporal sulcus plays a key role in social cognition, empathy, mentalising
about others’ emotional states, and “theory of mind" (Basil et al., 2017; Beauchamp, 2015;
Deen et al., 2015). Structural changes to this region may explain the severe irritability re-
ported by mTBI-01 (see Table 8.1), along with complaints of severe tinnitus (Leaver et al.,
2011). As a hub for audiovisual integration (Hein et al., 2008), the superior temporal re-
gion could also be involved in phonophobia (sound sensitivity), visual disturbances, and
vestibular dysfunction (Dieterich et al., 2008); symptoms experienced by both mTBI par-
ticipants whose profiles indicated local elevations in cortical iron. Similarly, the lingual
gyrus is active during migraine episodes and responds to luminous stimuli, suggesting
its involvement in photophobia, visual processing anomalies, and cephalalgia (headache)
(Boulloche et al., 2010). These symptoms were observed in all clinical participants with
abnormal iron markers in this region (see Table 8.1). These findings allude to specific areas
of cortical iron accumulation that show a relationship to clinical sequelae, suggesting that
regions with higher iron burden may be evidence of microstructural cell damage that dis-
rupts normal function.

Here, it should be noted that multiple cortical regions with abnormal iron markers were
observed for most mTBI participants, making it challenging to delineate a one-to-one rela-
tionship between a specific ROI and symptoms reported. As such, future research should
integrate functional MRI to improve the mapping of structural changes to deficits in func-
tional connectivity and well-established brain networks, that may overlap with abnormalit-
ies in cortical grey matter regions. Without additional research, observations about regions
of iron accumulation and symptom presentation are speculative and much less convincing
than case-matching between brain lesions in gross TBI and neurobehavioural symptom
presentation (Levin et al., 1987).

8.5.3 Dominant spatial distributions of abnormal regional cortical iron markers

Cranial morphology and injury biodynamics once again provide fertile ground for un-
derstanding the aggregate distribution of abnormal z-scores across the cortical regions.
Iron-related abnormalities were most concentrated in the temporal lobe region, followed
by the occipital and then frontal lobes, with fewer occurrences in the insular and cingulate
cortices, and only a singular incidence in the parietal cortex. Previous chapters (Chapter 6
and Chapter 7) have examined the significance of the middle cranial fossa morphology
to the specific spatial locations of significant findings. This bony hollow cradles the tem-
poral lobe surface and features irregular bony protrusions including, but not limited to,
the sphenoid ridge at the intersection of the anterior and middle cranial fossa which ex-

141



8.5 discussion

poses the anterior and medial aspects of the temporal lobe to injury (Bigler, 2007). How-
ever, this does not represent the sole instance of close brain-skull contact. The anterior
cranial fossa hugs the entire frontal lobe surface, with the exception of the medial as-
pect. The sphenoid ridge, bridging the frontal and temporal skull base, is thus uniquely
positioned to expose the posteroinferior frontal lobe deformation and contusion (Bigler,
2007). Although mild TBI typically does not involve severe tissue damage, contact with
the skull base may cause microstructural disruption in these regions, potentially account-
ing for observed spatial distributions of abnormal iron markers in this sample. A post-
mortem examination of the effects of mTBI, in which the individual died from causes
unrelated to the injury, reinforces the hypothesis that these regions are focal sites of in-
jury. In this case, brain tissue extracted from both frontal and temporal regions exhibited
abnormal accumulations of haemosiderin-laden macrophages (Bigler, 2004), suggesting
microvascular dysfunction and breaches of the BBB (Mckee et al., 2015) that likely initiate
a microhaemorrhage-induced immune response (Nisenbaum et al., 2014).

In this context, the detection of abnormal iron markers in only two regions of the
occipital cortex is particularly compelling. Here, the lingual gyrus corresponded to the
highest recorded incidence rate of abnormal z-scores across the entire sample (four par-
ticipants), suggesting that this region may be uniquely vulnerable to injury-related iron
dyshomeostasis. Situated on the medial inferior surface of the occipital lobe, the anterior
portion of the lingual gyrus gradually merges with the parahippocampal gyrus along the
tentorial surface (Palejwala et al., 2021). The connection between these regions, where fibers
originating in the lingual gyrus terminate in the parahippocampal gyrus, suggests continu-
ity between the whole-group findings reported in Chapter 6 and these individual-level
results. Connections with the temporal lobe also characterise the lateral occipital cortex;
the sulcus of this region is nearly continuous with the superior temporal sulcus (Palejwala
et al., 2020). This reinforces a relationship between high concentrations of abnormal iron
markers observed in temporal, followed by occipital, regions. However, whether the abnor-
mal iron markers observed in these regions result from focal excitotoxicity, compromised
integrity of interconnected fiber projections due to DAI, disruption of afferent or efferent
targets, a combination of these factors or other as-yet-unexplored injury mechanisms is
beyond the scope of the current study.

Head kinematics involved in mTBI may also be relevant, however speculation is
hindered by a complex and sometimes contradictory literature (A. I. King et al., 2003).
The movement of the brain is influenced by diverse inertial forces with considerable inter-
individual variability, though a growing consensus identifies accelerational loading on the
brain as a common denominator (Meaney et al., 2011). These forces comprise linear (trans-
lational) and rotational acceleration. While rotational acceleration is more frequently asso-
ciated with both focal and diffuse injuries, linear acceleration is often cited as a precursor
in focal injury only (A. I. King et al., 2003). However, both appear to be nearly universal to
mTBI events (Meaney et al., 2011). Coupled with limitations imposed by an absence of rep-
resentative data and a diverse range of possible mechanisms leading to sr-mTBI, inference
regarding specific inertial forces is precluded. Nonetheless, at a more macroscopic level the
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aggregate distribution of abnormal iron markers in cortical regions is congruent with evid-
ence from finite element analysis. Data from these simulations indicate that lateral impacts
tend to produce more severe injury-induced pathology relative to frontal impacts. This de-
creased injury tolerance is attributed to larger skull deformations, increased intracranial
pressure, and heightened exposure to shear stress (L. Zhang et al., 2001).

While frontal head impacts, side impacts, and backward falls are primary factors in the
genesis of head injuries in sr-mTBI (Pellman et al., 2003), this regional vulnerability hypo-
thesis may offer an explanation for the higher incidence of abnormal iron markers in the
temporal cortex. Extending observations from the study cited above, this hypothesis is fur-
ther supported by additional finite element analyses using dummy reconstructions from
National Football League games to simulate sr-mTBI impacts (Viano et al., 2005). Here,
initial “hot spots" of focal strain and increased deformation were localised to the temporal
lobe adjacent to the site of impact at 8 ms, but migrated to the opposite temporal lobe at 18
ms, representing potential evidence of coup-contrecoup injuries in bilateral temporal cor-
tices. Less damaging mechanisms of injury in sports participation may also be consistent
with the secondary incidence of abnormal iron markers observed in the occipital cortex,
followed by the frontal cortex. As contrecoup injuries may be more severe than coup injur-
ies (Drew et al., 2004), a higher incidence of abnormal iron markers in the occipital cortex
hints at a higher prevalence of frontal impacts in this sample.

8.5.4 Depth- and curvature-specific alterations in positive susceptibility: a common feature of
mTBI?

Secondary exploratory analyses revealed significant inter-individual heterogeneity in
depth- and curvature-specific cortical iron markers. Prior research has noted associations
between both injuries at the pial surface (McKee et al., 2013) and closer to the GM/WM
border (Pankatz et al., 2023) with adverse outcomes after mTBI. Although these subtle
effects were not associated with injury severity, they corroborate extant evidence of depth-
specific, mTBI-induced cellular disruption, and suggest that widespread minor tissue al-
terations may characterise mTBI. Across participants, a consistent trend for abnormal iron
markers was observed in the sulci, with the highest concentrations at the fundus, followed
by the sulcal bank. This is aligned with speculations made in Chapter 6 that dominant
curvature-specific alterations to positive susceptibility may be attributed to the heightened
vulnerability of the sulcal fundus. To briefly revisit the precise injury mechanisms, the
sulcal fundus is particularly vulnerable to mechanical deformation (Bakhtiarydavijani et
al., 2021; Ghajari et al., 2017) and the “water hammer" effect, where the movement of
non-compressible CSF concentrates forces at the base of the sulcus (Kornguth et al., 2017).
Conversely, in more severe TBI, contusions are often concentrated at the gyri (Mckee et
al., 2015), suggesting that gyral iron accumulation in mild TBI may represent a less severe
version of this type of injury. An understanding of injury biomechanics may thus prove
crucial to explaining variance in loci of neuropathological changes.
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Histological studies, including Perls iron staining and ultrahigh-field (7T) R∗
2 mapping

of tissue samples (Fukunaga et al., 2010) have localised iron deposition to specific cortical
layers, reflecting distinct cyto- and myelo-architectural features with layer-specific distri-
butions that show congruence with in vivo QSM (Shin et al., 2021). In healthy populations,
iron concentrations typically increase from the pial surface toward the GM/WM boundary;
deviations away from baselines for each layer suggest an injury-specific model of cortical
cellular trauma. For instance, layer I primarily contains axons and dendrites, with the cell
bodies in deeper layers (Miyashita, 2022); iron accumulation in different layers may point
to diverse pathologies affecting different parts of the cell. Depth-wise patterns may also
be related to injury biomechanics: superficial iron accumulation may be a result of pe-
rivascular trauma, which is often linked to microhaemorrhages and microglial activation
after mTBI (Huang et al., 2021; Mckee et al., 2015; Nisenbaum et al., 2014), whereas deeper
iron deposition may reflect more severe shear forces, which are known to cause significant
damage near the GM/WM interface in mTBI (Pankatz et al., 2023). This is supported by
computational modelling showing shear forces are concentrated in this region (Ghajari et
al., 2017), which is also a common site of microbleeds (J. Liu et al., 2014). Tying this in with
investigations of cortical curvature, these effects would likely be concentrated at the sulcal
fundus (Ghajari et al., 2017; Kornguth et al., 2017; McKee et al., 2013). However, evidence
from TBI research also supports the presence of gyral contusions that often follow a layer-
specific pattern, with damage prominent at the superficial crest but extending through the
cortical mantle to the GM/WM boundary in a “wedge" of haemorrhage and necrotic tis-
sue (Mckee et al., 2015). As iron is also implicated in cell death (H. Ma et al., 2022; Tang et
al., 2020), a similar mechanism could plausibly account for instances of iron-related gyral
pathology in mTBI that exhibit similar depth-specific patterns.

The predilection for abnormal iron markers concentrated in the temporal regions and in
the sulcal fundus (Bieniek et al., 2021; McKee et al., 2023; Murray et al., 2022) reinforces the
concerns raised in Chapter 6 and Chapter 7 regarding the speculative relationship between
acute iron dysregulation and degenerative cascades culminating in later-life pathology in
some cases (Bouras et al., 1997; Yamamoto et al., 2002; Zecca et al., 2004). Such patterns
may not only provide insights into the distribution of cellular excitotoxicity experienced by
individual participants during the acute stage, but may also serve as a preliminary marker
for worse short-term clinical symptomatology and long-term health outcomes. Exploration
of the interplay between acute elevations in positive susceptibility, symptom burden, tem-
poral recovery dynamics, and long-term brain health outcomes is warranted; elucidating
this link should be a focus for future research.

8.5.5 Limitations and future research

Resolution and depth-related constraints, along with the potential for PVE addressed in
Chapter 6 apply equally to the present study. Similarly, the limitations related to filtering,
confounds related to known age-related increases in cortical susceptibility within this age
range (Hallgren et al., 1958), generalisability, small and unequal sample sizes for between-
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group comparisons, and the inability to perform one-to-one symptom mapping, as dis-
cussed in Chapter 7, are also relevant. However, limitations specific to this individualised
cortical approach remain.

As previously discussed in Chapter 6, depth-wise sampling at comparable resolutions
(Y. Ma et al., 2023) has been shown to preserve cortical features similar to those invest-
igated in ultrahigh-field (11.7T) depth-specific studies (Aggarwal et al., 2015). However,
the model presented here adopts a more conservative approach compared to the 21-depth
method employed in Chapter 6 and prior research (Y. Ma et al., 2023; Merenstein et al.,
2024; Northall et al., 2023), as well as the 10-depth approach described by Sui et al. (2022).
Sampling even fewer depths (e.g., three versus six) could arguably capture overall thick-
ness of the ∼1-4.5 mm wide cerebral cortex (Fischl et al., 2000) and avoid redundancy; how-
ever, sampling fewer depths appears to forfeit distinct susceptibility features uniquely re-
vealed by a six-depth model (see Fig. 8.5 and Appendix A). Given potential inter-individual
variability in cortical thickness, there is a need for individualised approaches that are sens-
itive to such heterogeneity.

In addition, this study does not address the precise mechanisms by which different
types of mechanical strain contribute to depth- and curvature-specific patterns of potential
iron accumulation. Whether these patterns are driven by depth-wise shear forces near the
GM/WM interface (Ghajari et al., 2017; Pankatz et al., 2023) or reflect superficial perivas-
cular damage (Huang et al., 2021; Mckee et al., 2015; Nisenbaum et al., 2014), or whether
curvature-related deposition may be due to the “water hammer" effect at the sulcal fundus
(Kornguth et al., 2017) or contusions of the gyri (Mckee et al., 2015), or a combination of
all of these factors, remains unclear. To address this, future research should track athletes
throughout the sporting season to better understand how specific injury biomechanics
may be related to patterns of iron markers across different cortical depths and layers.
Tracking athletes over an extended time-frame could also provide valuable insight into the
relationship between potential iron accumulation, symptom progression, and the risk of
neurodegeneration.
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Figure 8.5: Comparison of three- and six-depth models for susceptibility localisation
This figure shows comparative graphs illustrating the effects of sampling at six (left) versus three (right) cortical depths for each curvature bin (crown = blue;

bank = orange; fundus = yellow) across three representative cortical ROIs examined in this individualised study. While sampling at six depths may introduce

some redundancy into the model, the overall susceptibility patterns remain similar. Restricting the analysis to three depths appears to risk overlooking subtle yet

informative differences that only emerge at finer depth granularity. Susceptibility is measured in ppm, and each ROI is scaled to the most appropriate reference

range. OFC = orbitofrontal cortex.
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The results presented here suggest that iron-mediated cell damage in the cerebral cortex
may play a key role in mTBI pathology, and that individualised approaches can further
elucidate the clinical relevance of iron markers in mTBI. In keeping with the heterogen-
eity of mTBI, the location of abnormal iron markers after injury was person-specific and
may have been influenced by cortical morphology. Differences in injury severity between
iron-normal and iron-abnormal mTBI participants highlight why precise investigation is
required to understand the link between objective changes in the brain and subjective
symptomatology. These results highlight the importance of examining mTBI at an indi-
vidual level rather than relying on group analyses. This variability likely also complicates
the search for universal biomarkers, further underscoring the need for personalised, ob-
jective approaches that integrate advanced imaging and detailed symptom profiling.
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9
G E N E R A L D I S C U S S I O N

"Truth... is much too complicated to
allow anything but approximations."

John von Neumann

The research conducted in this thesis was designed to address the current under utilisation
of QSM in mTBI research, overcome specific limitations of the extant literature, and contrib-
ute to a deeper understanding of the microstructural brain tissue alterations occurring as a
result of this complex yet subtle injury. This was achieved through three overarching aims
that guided development of each of the interrelated QSM-based studies comprising this
thesis. The first aim was to advance the current understanding of mTBI-related changes to brain
tissue composition. The second aim was to refine and apply techniques that enhance sensitivity
to injury-related changes in the brain. Finally, the third aim sought to elucidate the differing
utilities of traditional group-level analyses versus individualised analytic approaches. This final
discussion first restates the central findings of the research conducted in this thesis. Next,
the utility of a threshold-based approach to QSM analysis is discussed. Findings from
both the group-level and individualised analytic approaches employed across the stud-
ies are then synthesised and their individual and aggregate contributions to the broader
scientific literature explored; an approach not possible for each chapter in isolation. This
facilitates a comparison of the respective strengths and limitations of different analytic
techniques, highlighting the contexts within which each model can be most effectively ap-
plied to deepen the current understanding of mTBI. Following this, a unified framework
predicated on the findings of each of the respective studies is presented, which serves to
highlight common features of brain tissue dyshomeostasis in mTBI and how these central
findings represent a critique of the narrow methodologies that constitute the prevailing ap-
proach to QSM-based investigations. The limitations applicable to all studies are discussed,
and followed by recommendations for future research directions aimed at augmenting and
extending the methodologies and findings presented in this work. The thesis is concluded
with some final thoughts and closing remarks in § 9.8.
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These investigations mark the first application of QSM to characterise depth- and
curvature-specific alterations in the cerebral cortex and hippocampal subfields following
mTBI, as well as the most extensive examination of the basal ganglia and related nuclei.
The alignment of both group- and individual-level findings throughout this thesis with es-
tablished regional and cellular vulnerabilities suggests that failure to detect similar effects
in the wider QSM-mTBI literature may stem from insufficient spatial specificity rather than
an absence of pathology. In comparing these results with the extant literature, the findings
presented here highlight the importance of incorporating enhanced modelling of cortical
and subcortical regions, along with a vulnerability-based framework for ROI selection and
analysis. These contributions provide both a rationale and foundational framework for
extending investigations in future quantitative MRI studies of mTBI. The results also re-
inforce recent critiques highlighting the neglect of the hippocampal subfields and other
critical regions in QSM-based mTBI research (Gozt et al., 2021a). These central findings
and the interrelated nature of results across the studies comprising this thesis are dis-
cussed in detail in the subsequent sections of this chapter. Below is a summary of the
primary findings upon which the following discussion is based:

• Inter-voxel thresholding is a viable approach to single-echo QSM analysis in
mTBI.

• Anatomical specificity is both useful and likely necessary in QSM-based analysis
in the context of mTBI.

• The spatial distribution of microstructural tissue content alterations may corres-
pond with known injury mechanisms.

• Dyshomeostasis of biomagnetic substrates in the medial temporal region may rep-
resent a common feature of microstructural mTBI-related pathophysiology. This
finding was supported by the results of all investigations presented in this thesis.

• Cortical regions are vulnerable to tissue disruption and adverse clinical outcomes
following mTBI. This finding was exemplified in the significantly higher symptom
burden for mTBI participants with abnormal regional cortical iron markers relative to
mTBI participants exhibiting no such deviation from the healthy normal distribution.

• Analytic strategy choices should be tailored to the research objective.

• Group-level analyses are effective at identifying spatial patterns of tissue disrup-
tion that may constitute a shared feature of mTBI.

• Individualised analytic approaches are essential for capturing the heterogeneity
of mTBI. Evidence for this is supported by prevalence of individual-specific para-
magnetic alterations that were not apparent in group-level analyses.
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To date, no QSM-based studies have differentiated magnetic sources in mTBI, either by
thresholding (Merenstein et al., 2025; Merenstein et al., 2024) or magnetic source separa-
tion (Ahmed et al., 2023; J. Chen et al., 2021; Emmerich et al., 2021; J. Lee et al., 2024; Z. Li
et al., 2023; Shin et al., 2021). Though not the focus of this thesis, it is nonetheless essential
to understanding the relevance of the collective findings, and serves as a precursor to the
general discussion provided in this chapter. In Fig. 9.1 below, I illustrate how thresholding
can refine the estimation of magnetic susceptibility in two regions, the subcortical hip-
pocampal CA4 and cortical parahippocampal gyrus, both of which exhibited significant
group-level effects in the corresponding research investigations (Chapter 5 and Chapter 6,
respectively). Compared with a thresholded approach, analysis of raw QSM effectively av-
erages the susceptibility contributions from positive and negative voxels within these ROIs,
diminishing the contrast between them. As a result, mean positive and negative susceptib-
ility values in both the parahippocampal gyrus and the CA4 region are more pronounced
in thresholded maps; in raw maps, the contributions are markedly attenuated. Although a
significant increase in susceptibility remains evident in the superficial sulcal regions of the
parahippocampal gyrus when using raw QSM, significant negative effects disappear in cor-
tical and subcortical regions. Consequently, potential alterations in myelin integrity (Bradl
et al., 2010; Hametner et al., 2013; Lassmann et al., 2012) or indicators of cellular stress
responses, possibly reflecting early phagocytic activity (Yu et al., 2022), may be masked
by stronger iron-related paramagnetic signals. This underscores the value of thresholding
for mitigating certain confounding factors and the potential for improving biological inter-
pretations. It is, however, important to acknowledge the limitations of thresholding, which
are addressed in detail in the corresponding section of this discussion.

9.3 anatomical specificity is both useful and likely necessary in qsm-
based analysis in mtbi

The works included in thesis collectively reinforce the hypothesis that reliance on narrow
methodologies that lack anatomical specificity may, at least in part, account for the gen-
eral paucity of significant findings that characterise the extant literature (see Chapter 3 for
additional details). To date, no studies have reported significant increases in grey matter
magnetic susceptibility in an mTBI cohort in any region of the cerebrum (Bell et al., 2024;
Gong et al., 2018; Koch et al., 2018; Pinky et al., 2022; Wright et al., 2022; Zivadinov et al.,
2018a). One study (Koch et al., 2021) has reported significantly decreased susceptibility in
total deep grey matter sub-compartments, however, the validity of this finding is limited by
the lack of anatomical specificity and related PVE both from susceptibility sampled across
multiple subcortical nuclei to derive an aggregate value and the use of data acquired with
anisotropic voxel resolutions (Karsa et al., 2019a). Pinky et al. (2022) have been the only
investigators, prior to the current works comprising this thesis, to report significantly in-
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Figure 9.1: The effect of thresholding on susceptibility estimation
⋆ = significant differences between groups after FDR correction (pFDR < 0.05).

1. Shows susceptibility estimation for mTBI (red) versus HC (blue) using thresholded (QSM+ and QSM−) as well as raw maps in the CA4 region 2. Provides an

isolated view of depth- and curvature-specific cortical susceptibility estimation in the parahippocampal gyrus for mTBI (red lines) versus HC (blue line) participants

for thresholded positive and negative susceptibility (A) and raw (B) QSM maps at each depth for each curvature. Both figures highlight the averaging effect and loss

of detail when using raw QSM for analysis. Susceptibility is measured in ppm between +0.016 and -0.016. Standard deviation (SD) is depicted for both figures to

show the spread of the data.

creased grey matter magnetic susceptibility after mTBI using QSM, which was localised
exclusively to the cerebellum. In light of the known vulnerability of the cerebellum to
injury from proximity to the occipital cranial fossa (Bigler, 2007) these results are particu-
larly interesting. This, like the medial temporal lobe region exhibiting similar anatomical
vulnerability (Bigler, 2007), is potentially subject to a more extreme tissue response.

This regional vulnerability is underscored by the persistence of significant increases in
susceptibility in the superficial parahippocampal gyrus in Fig. 9.1, even in the presence
of potentially more extreme inter-voxel averaging when using raw QSM. The only two
QSM-mTBI studies to include cortical grey matter ROIs were either constrained by a mac-
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roscopic voxel-wise approach (Gong et al., 2018), or limited to gross segmentations of a
small number of cortical ROIs (Pinky et al., 2022). Here, identification of increased sus-
ceptibility using a depth- and curvature-specific analytic approach applied to unprocessed
QSM enables a more analogous comparison with the singular investigation of the parahip-
pocampal gyrus as a homogeneous cortical parcel conducted by Pinky et al. (2022), which
reported no difference between mTBI and controls in this region. These results highlight
the importance of anatomical specificity in cortical investigations where the distinct cyto-
and myelo-architectural features characterising different layers of the cortical mantle (Brod-
mann, 2005; Waehnert et al., 2016) may influence topographically heterogeneous tissue
content changes after injury.

There is also large variation in mechanical forces acting on different cortical layers, for ex-
ample, potential impact with the skull at the cortical surface (Bigler, 2007) and shear/strain
at the GM/WM interface (Pankatz et al., 2023) which may further amplify layer-specific
heterogeneity. As such, MRI methodologies should be responsive to these variables while
also accounting for data constraints. In the absence of ultrahigh-field imaging (≥7T) and
sub-millimetre voxel resolutions, both of which are crucial for discerning specific cortical
laminae (Trampel et al., 2019), column-based analytic techniques (Y. Ma et al., 2023; Mer-
enstein et al., 2024; Northall et al., 2023; Sui et al., 2022; Waehnert et al., 2014) that enable
depth-wise investigations of cortical susceptibility should be used to investigate mTBI, as
demonstrated here.

The importance of spatial specificity in investigations of mTBI is equally important for
subcortical structures. Although several neuroimaging studies have evidenced iron dys-
homeostasis in major basal structures such as the thalamus (Raz et al., 2011) and related
nuclei (Chong et al., 2023; Lu et al., 2015), as well as in the hippocampus (Lu et al., 2015;
Nikolova et al., 2022), QSM-based investigations have not consistently reported similar
associations. This inconsistency may partly reflect a predominant focus on global suscept-
ibility estimation in total deep grey matter or on major basal substructures such as the
thalamus, caudate, putamen, and undifferentiated globus pallidus (Bell et al., 2024; Gong
et al., 2018; Koch et al., 2018; Koch et al., 2021; Pinky et al., 2022; Wright et al., 2022;
Zivadinov et al., 2018a). Even in studies extending their analyses to additional subcor-
tical areas, including the nucleus accumbens, amygdala, and hippocampus, the reliance
on gross segmentation techniques precludes differentiation of related nuclei and the hip-
pocampal subfields (Pinky et al., 2022; Zivadinov et al., 2018a).

Not only does this approach risk overlooking potentially informative tissue content alter-
ations in discrete subcortical nuclei, but it also fails to account for the extensive variability
in cellular architecture, connectivity, and function that characterise the basal ganglia and
hippocampal structures (Ding et al., 2015; Lanciego et al., 2012). In particular, conventional
approaches neglect the well-documented subfield-specific vulnerabilities in the hippocam-
pus, which result from differences in neurochemical properties and the presence of injury-
sensitive cell populations (Geddes et al., 2003; Lowenstein et al., 1992; Santhakumar et
al., 2000; Scharfman, 2016), as well as biomechanical factors related to cranial-dural mor-
phology (Bigler, 2007). Overlooking these regions constrains our understanding of mTBI
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pathophysiology at scale and may inhibit reliable association between specific loci of sus-
ceptibility changes, mechanisms of injury, and distinct clinical phenotypes.

9.4 the spatial distribution of microstructural tissue content altera-
tions may correspond with known injury mechanisms

Across both group-level and individualised analyses, the findings in this thesis consistently
demonstrate the vulnerability of the cerebral cortex and hippocampus to mTBI-related tis-
sue content disruptions detected via QSM. In this work, the more commonly investigated
basal ganglia appeared relatively spared in comparison. This heightened vulnerability is
especially pronounced in the temporal lobe, and more specifically within the inferior me-
dial temporal region. Within the cortex, sulcal regions, especially the sulcal fundus, were
repeatedly identified as focal sites of tissue disruption. Taken together, these convergent
data highlight discrete loci of tissue dyshomeostasis that align with established regional
vulnerabilities where fluid dynamics, head kinematics, injury biomechanics, cranial-dural
morphology, or inherently vulnerable cell populations confer an elevated injury risk. To
synthesise these observations, I present a unified framework that offers a more holistic per-
spective than is possible when examining each region and analytic approach in isolation.

9.4.1 Dyshomeostasis of biomagnetic substrates in the medial temporal region may represent a
common feature of microstructural mTBI-related pathophysiology

Each study presented in this thesis highlights the temporal lobe’s heightened susceptibility
to mTBI-related tissue alterations, potentially reflecting the more severe effects of lateral
impacts and a lower injury threshold in this region (Viano et al., 2005; L. Zhang et al.,
2001). This was empirically supported by the high concentration of abnormal iron markers
identified within the temporal lobe when aggregating individualised cortical data across
mTBI participants. Secondary incidences were identified in the occipital, followed by the
frontal lobes, with minimal evidence of iron-related tissue disruptions in the insular/cin-
gulate and parietal cortices. Such distribution patterns align with established variations in
lobe-specific susceptibility and the differential effects of head kinematics that vary along a
continuum of severity (Pellman et al., 2003; Viano et al., 2005).

In particular, the medial temporal region appeared to be disproportionately affected
across the wider sample. Group-level cortical analyses highlighted the parahippocampal
gyrus, situated on the inferior anteromedial surface of the temporal lobe, as a locus of
significant positive and negative susceptibility differences between the mTBI cohort and
controls, potentially reflecting concomitant iron increases and disruption to neuronal com-
ponents including myelin. The vulnerability of the medial temporal region was further
supported by the singular finding of reduced negative susceptibility in the hippocampal
CA4 identified by group-level subcortical analyses, as well as by the prevalence of iron-
related abnormalities in the hippocampus, relative to the basal ganglia and associated
nuclei, when examined at the individual level. When hippocampal iron markers were
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aggregated across mTBI participants, they clustered primarily within the parasubiculum
in the anteromedial head of the hippocampus, with fewer observed in more lateral and
posterior regions.

The anatomical vulnerability of both the hippocampus and the parahippocampal gyrus
encircling it (Webb, 2017), can be attributed to their proximity to the sphenoid ridge, loc-
ated at the junction of the anterior and middle cranial fossae (Bigler, 2007). The free edge
of the tentorium cerebelli transverses the length of the medial temporal lobe, offering
reduced structural support and heightening the risk of impact (Bigler, 2007). The morpho-
logy of the parahippocampal gyrus is such that as curves upward, it is pressed against the
tentorial notch and unprotected by dura. In addition, the hippocampal head lies less than
2 cm from this bony peninsula. Both the hippocampal head and parahippocampal gyrus
have been identified as focal sites of tissue pathology in TBI as a result of this anatomical
alignment (Bigler, 2007).

In sr-mTBI, the parahippocampal gyrus has demonstrated reductions in volume and
cortical thickness (Arciniega et al., 2024) and has been identified as a “hot spot” for impact
in simulations of mTBI events during sports games (Viano et al., 2005). Hyper-excitable
parasubicular neurons (Sullenberger et al., 2019) may further exacerbate metabolic toxicity
in mTBI; a known risk factor for iron overload (Huang et al., 2021). Evidence of extensive
neurodegeneration and NFT formation in both the parahippocampal gyrus (Van Hoesen
et al., 2000) and parasubiculum (Van Hoesen et al., 1990) in AD highlights the vulnerability
of these regions and their cell populations not only to traumatic injury but degenerative
processes, for which iron may serve as a mediating factor. This is particularly concerning in
the context of mTBI given the risk of later-life neuropathology including CTE, which shares
tauopathy as a common pathological feature with AD (Turner et al., 2016). The spatial
alignment of abnormal susceptibility markers observed across individual- and group-level
analyses further corroborates these regional vulnerabilities.

Although the temporal lobe emerged as a the most frequent site of abnormal iron mark-
ers in individual-level cortical analyses, the occipital lingual gyrus was the single most
common locus of abnormal z-scores among mTBI participants in the primary analysis.
This important caveat nonetheless serves as an indirect confirmation of the overarching
region-of-risk hypothesis centred on the medial temporal region. Situated on the inferior
anteromedial surface of the occipital lobe, the lingual gyrus extends anteriorly to merge
with the parahippocampal gyrus along the tentorial surface (Palejwala et al., 2021). This
anatomical continuity, which is also reflected in their shared role in certain aspects of
spatial memory (Sulpizio et al., 2013), suggests a common pathway for mTBI-induced
susceptibility changes. Rather than isolated events, disruptions in one region may affect
downstream targets or extend to structurally connected regions, giving rise to tissue alter-
ations that reflect common injury mechanisms or biomechanical stressors.

This vulnerability to disruption and degeneration of the temporal lobe region is also
reflected in a range of neurological conditions, including as a hallmark feature of AD
(Braak et al., 1991; Migliaccio et al., 2022; Ravikumar et al., 2024), lobar degeneration with
TPD-43-immunoreactive pathology type-C (Peet et al., 2021), and temporal lobe epilepsy
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(Kiersnowski et al., 2023). The temporal lobe region as a nexus across pathologies suggests
that despite differences in aetiology and mechanism, certain characteristics of this region
may predispose it to selective vulnerability. Indeed, the unique cytoarchitecture (Braak et
al., 1991), extensive connectivity and cellular excitability (Palop et al., 2006; Palop et al.,
2007), as well as altered metabolic function (Mosconi, 2005) have been noted in multiple
neurological conditions. In the context of mTBI, these features may exacerbate neuropath-
ology, further corroborating the likelihood of a medial temporal lobe-centric region-of-risk
hypothesis reflected in focal tissue disruption across cortical and subcortical investigations
in this thesis.

Discrepancies between the group and individual-level cortical findings, namely the
general absence of parahippocampal abnormalities identified by individualised analyses,
likely stems from differences in methodology and statistical thresholds. It is reasonable
to suggest that parahippocampal gyrus disruptions were sufficiently consistent across
participants to reach statistical significance in depth- and curvature-specific group-level
analyses. In contrast, the z-test method applied to individual-level data used more strin-
gent FDR corrections (21 vs. 34 ROIs, respectively) and the primary ROI-wise analyses
treated each cortical region as a homogeneous parcel, potentially reducing sensitivity to
parahippocampal susceptibility alterations. In addition, abnormal iron markers in the lin-
gual gyrus were present in only four participants, suggesting altered susceptibility in this
region may not be as prevalent.

The high incidence of iron-related abnormalities in the fimbria of the fornix and the
mammillary nucleus, observed in individual-level subcortical analyses, illustrates that
structural and functional interconnectedness, particularly with the medial temporal lobe,
may be a risk factor for focal pathology. This phenomenon has been reported in severe
TBI, where post-injury pathology in these downstream regions is thought to stem from
medial temporal lobe trauma (Bigler, 2007). Both structures may also be susceptible to
mechanical strain during impact (Viano et al., 2005), potentially exacerbating focal excito-
toxicity. Interconnection of the mammillary nucleus with the parasubiculum (Rich, 2018),
the two structures with the highest recurrence and concomitance of iron-related abnor-
malities across participants, further exemplifies how shared vulnerabilities may amplify
secondary injury cascades.

Aside from the mammillary nucleus, the major nuclei of the basal ganglia and related
structures exhibited a conspicuous lack of significant findings across studies. This obser-
vation is consistent with other QSM-based investigations that have universally reported
no evidence of susceptibility increases in these deep structures following mTBI (Bell et al.,
2024; Gong et al., 2018; Koch et al., 2018; Pinky et al., 2022; Wright et al., 2022; Zivadinov
et al., 2018a). It is possible that imaging methods other than QSM, for instance MFC (Raz
et al., 2011), SWI (Lu et al., 2015), and T∗

2 (Chong et al., 2023; Nikolova et al., 2022), may be
more sensitive to detecting potentially subtler changes in the basal ganglia. However, the
basal ganglia and related nuclei, located deep within the cerebrum (Webb, 2017), may be
relatively shielded from inertial forces that are most pronounced in superficial and anterior
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brain regions (McAllister, 2011), and impact with the skull base is likely absorbed first by
the underlying hippocampus and anteromedial temporal cortex (Bigler, 2007).

Indeed, experimental TBI models repeatedly demonstrate that the cortex and hippo-
campus are selectively vulnerable to injury whereas other brain regions that appear to be
relatively spared (Geddes et al., 2003). In these models, the mechanical impact is often
most severe in the cortex; however, the hippocampus is also prone to deformation and ad-
verse biochemical cascades. Hippocampal neurons exhibit a heightened, but shorter-lived,
trauma-induced membrane permeability and are also a site of cell death (Geddes et al.,
2003) and intensified inflammatory response (Tweedie et al., 2020). Inflammatory cascades
have been linked to excessive iron accumulation (Huang et al., 2021; Nisenbaum et al.,
2014; Orr et al., 2024), possibly explaining the mechanisms driving the higher incidence
rates of abnormal iron markers in the hippocampal subfields. Cortical neurons appear to
sustain a longer stretch-induced membrane permeability phase, although this observation
has only been verified up to 24 hours post-injury (Geddes et al., 2003). As such, the hippo-
campus may experience a more acute and intense injury response, but prolonged cellular
disruption in the cortex could contribute to more severe clinical outcomes at ≤14 days
post-injury as observed in this sample.

Morphometric studies of ms-TBI paediatric have similarly reported that the hippocam-
pus undergoes some of the most pronounced volumetric reductions, followed by the
frontal and temporal cortices, while basal structures exhibit comparatively milder changes
(Wilde et al., 2007). This pattern broadly aligns with the incidence rates of abnormalities
observed at the individual level: 13 mTBI participants demonstrated hippocampal altera-
tions, nine in temporal cortical regions (of 11 total), and nine in the basal ganglia or related
nuclei. It is important to note that most of the basal abnormalities were localised to the
mammillary nucleus, an area infrequently investigated in this context, and only four parti-
cipants had abnormal iron markers in other basal nuclei. Although differences in statistical
thresholds across these regions preclude direct comparison, agreement between these relat-
ive incidence rates and the broader literature nonetheless highlight the hippocampus and
surrounding temporal cortex as regions disproportionately affected by mTBI. These obser-
vations further support the application of vulnerability-based ROI selection frameworks in
QSM investigations of mTBI.

Here, the singular group-level finding of decreased negative susceptibility in the CA4 is
also interesting, particularly given the relative under representation of abnormal iron mark-
ers in this region at the individual level. This suggests that the CA4 is uniquely vulnerable
to disruption of negative susceptibility sources but iron dyshomeostasis in this region may
be less prevalent. As discussed in Chapter 5, hilar cells are selectively vulnerable across
multiple neurological conditions, including head injury (Grovola et al., 2020; Lowenstein
et al., 1992; Maxwell et al., 2003a; Santhakumar et al., 2000) and temporal lobe epilepsy
(Scharfman, 2016). Decreased negative susceptibility in the CA4 may thus represent a com-
mon feature of mTBI that reflects the vulnerability of this region to excitotoxicity, changes
to myelin components, or even cell death after injury (see Fig. 9.2). This also highlights the
utility of thresholding prior to analysis, whereby these more subtle negative susceptibility
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effects would be obscured by the dominant signals from paramagnetic sources of positive
susceptibility, as demonstrated in Fig. 9.1 above.

9.4.2 Cortical regions are vulnerable to tissue disruption and adverse clinical outcomes following
mTBI

The selective vulnerability of the cortex may be of importance to understanding the patho-
physiology of mTBI, in addition to the genesis of severe symptomatology. The primary in-
dividualised analyses that treated cortical regions as homogeneous parcels demonstrated
that mTBI participants with abnormal iron markers exhibited more severe clinical symp-
toms than mTBI participants with no significant deviations from the HC distribution. This
vulnerability may not only reflect prolonged metabolic disruption relative to other brain
regions (Geddes et al., 2003) but the presence of subtle degenerative effects or altered syn-
aptic signalling in cortical neurons. Supporting this interpretation, murine models of mild
cortical impact have demonstrated cell death and marked reductions in dendritic and syn-
aptic density within the cortex (Gao et al., 2011), suggesting that disruptions to cortical
synapses may impair normal neuronal function and manifest as neurological deficits. The
high concentration of abnormal iron markers in the temporal cortices also converge with
SWI findings linking temporal cortical microhaemorrhages to unfavourable functional out-
comes in mTBI (de Haan et al., 2017).

Secondary exploratory analyses that accounted for variations in cortical depth and
curvature revealed that the sulcal fundus exhibited the most pronounced susceptibility-
related differences, followed by the sulcal bank and, to a lesser extent, the gyral crown.
Exposure to shear forces (Bakhtiarydavijani et al., 2021; Ghajari et al., 2017; McKee et al.,
2013), or the forcible displacement of non-compressible CSF (Kornguth et al., 2017), prefer-
entially affects the cortical sulci under traumatic conditions which may lead to focal tissue
dyshomeostasis. Susceptibility alterations at the gyral crown could indicate the presence of
mild contusion (Mckee et al., 2015) that may be occurring less frequently than sulcal injury.
The marked heterogeneity of the depth-specific tissue disruption suggests a spectrum of
underlying injury mechanisms: altered susceptibility at the pial surface may result from
skull contact (Bigler, 2007), whereas shear and strain forces typically impact the GM/WM
junction (McKee et al., 2013; Pankatz et al., 2023) potentially leading to disruptions at
deeper depths. Susceptibility differences at intermediate depths could plausibly reflect
transitional injury processes. Although these depth- and curvature-specific abnormalities
were not associated with worse clinical symptom burden, they nonetheless indicate that
most mTBI participants (83% in this cohort) exhibit some degree of cortical iron dyshomeo-
stasis, reinforcing the vulnerability of the cortex to a broad spectrum of injury mechanisms.

At the group level, reduced negative susceptibility in the superficial depths of the sulcal
fundus was observed alongside concomitant increases in positive susceptibility in distinct
voxel populations in the superficial sulcal bank and fundus, suggesting a dual pathology
of iron increases accompanied by degeneration of cellular components including myelin.
This group-level finding also appears to capture a singular spatial nexus of multiple mTBI
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injury mechanisms: the inherent vulnerability of the cerebral cortex, sulci, and antero-
medial temporal lobe. The convergence of these findings on a single site highlights the
advantage of employing dual analytic strategies where individualised approaches capture
subject-specific, clinically relevant information and provide insight into injury heterogen-
eity, whereas group-level analyses identify features that may be generalisable across par-
ticipants. As such, susceptibility alterations in the superficial cortical sulci of the parahip-
pocampal gyrus, like decreases in negative susceptibility in CA4, could indicate a shared
marker of mTBI (see Fig. 9.2) and may be a promising target for future investigations
attempting to identify an imaging-based signature.

9.5 all models are approximations of the truth

Although the findings of this thesis are novel and interesting, they serve to reinforce that
every model offers only an approximation of the underlying biological mechanisms, partic-
ularly given the millimetre scale of MRI. This principle applies equally to QSM as an ana-
lytic tool, thresholding, anatomical specificity, interpretations of tissue responses through
the lens of regional vulnerability and injury biodynamics, and to the spectrum of analytic
approaches ranging from individualised to group-level. It is important to remember that a
model’s value, therefore, depends on the context in which it is used and the specific ques-
tions it is employed to answer. Acknowledging that no single framework is universally
applicable allows for the selection, or combination, of the approaches best suited to ad-
dressing the problem at hand. This perspective is particularly relevant to the interrelated
research components of the thesis, which ultimately seek to highlight the complementary
nature of group-level and individualised methods, each of which bring unique insights to
the study of mTBI. As such, this thesis emphasises that analytic strategy choices should be
tailored to the research objective.

No single structural imaging marker of mTBI has yet been identified. However, the use of
multi-modal neuroimaging methods combined with group-level analyses is advancing the
field toward establishing a biomarker(s) (for a recent review, see Lunkova et al., 2021). In
the context of QSM, the group-level findings presented in this thesis indicate that this ana-
lytic strategy is effective for identifying spatial patterns of tissue disruption that may constitute
a shared feature of mTBI, as illustrated in Fig. 9.2. When applied with sufficient anatomical
specificity, QSM may serve as a valuable addition to the existing suite of complementary
neuroimaging tools aimed at addressing this ongoing challenge.

However, the ultimate clinical value of neuroimaging techniques depends not only on
broad generalisability, but the ability to capture brain alterations that are individually rel-
evant within a given context, such as in mTBI. The precise characteristics and locations
of these alterations may not only be relevant to the development and presentation of spe-
cific symptoms, but can also inform the selection of appropriate interventions (Marquand
et al., 2019). mTBI is characterised by significant inter-individual heterogeneity in injury
mechanisms, location and extent of neural tissue disruption (ranging from focal to dif-
fuse patterns), and secondary injury cascades (see Chapter 2). This variability is further
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compounded by pre-existing factors, including age, gender, and IQ, that, among others,
that contribute to differences in injury severity (Rosenbaum et al., 2012). In this context,
individualised analytic approaches are essential for capturing the heterogeneity of mTBI.

Individual-level techniques are increasingly being employed to characterise both mTBI
(Attyé et al., 2021; Bedggood et al., 2024) and TBI (Clemente et al., 2023; Domínguez et al.,
2024; Imms et al., 2022; Jolly et al., 2021), with promising results. The two individualised
studies presented here further emphasise the potential of this approach. While preliminary,
the overlap between the presence of abnormal iron markers and regions associated with
cellular vulnerability and injury mechanisms, as well as the potential for identifying co-
horts at risk of more severe symptom burden, highlight the promise of these techniques for
advancing research and suggest a possible role for individualised QSM in clinical practice.

While QSM for iron mapping and quantification has been validated through multi-
modal (Deistung et al., 2013a), ex vivo (Langkammer et al., 2012) and histological com-
parisons (Gillen et al., 2025), substantial barriers remain in integrating QSM into everyday
clinical MRI. Variations in scanner hardware, acquisition parameters, and reconstruction
algorithms significantly influence the estimation of susceptibility values (Bilgic et al., 2021;
Langkammer et al., 2018), and while magnitude and phase images are readily acquired,
QSM reconstruction requires significant technical proficiency (Borzage et al., 2022). These
challenges are particularly salient in mTBI, where subtle deviations in susceptibility val-
ues risk being misinterpreted as evidence of tissue disruption. Although efforts have been
made to address these issues, including consensus statements on best-practice acquisition
and reconstruction (Bilgic et al., 2024) as well as the development of inline reconstruc-
tion pipelines by scanner vendors (Borzage et al., 2022), further logistical refinement and
validation is needed before QSM can be reliably applied in the clinic.

Within a research context, where methodological constraints and clinical implications
are somewhat minimised, the findings of this thesis provide a proof-of-concept model.
First, they demonstrate the utility of adherence to best-practice reconstruction guidelines
to enhance the reliability of results (see Chapter 4). Second, they demonstrate that indi-
vidualised QSM is a viable tool for elucidating tissue disruptions associated with mTBI
that may be overlooked in traditional group-level analyses. Third, they exemplify how
group-level analyses can be used to identify features that may reflect common features
of mTBI across participants. And, finally, they highlight how the use of both group-level
and individualised analytic strategies along with tailored methodologies can be harnessed
to address specific research objectives. Nonetheless, future research investigations should
prioritise the use of advanced sequences with higher spatial resolution and multi-echo
acquisitions to enhance biological interpretation, and seek to advance standardisation of
individualised methodologies (see Limitations in Chapter 7).
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Figure 9.2: Divergent and convergent spatial distributions of susceptibility differences
1. Shows likely injury mechanisms and inter-individual variability in the loci of abnormal cortical and subcortical iron markers for mTBI participants. A) Highlights

how brain movement may result in abnormal iron marker variability; impact with the sphenoid and midline strain for markers in the parasubiculum and mammillary

nucleus relative to other deep structures; lateral impacts or proximity to the sphenoid for abnormal iron markers in the temporal cortices; head kinematics for

secondary involvement of the occipital and frontal cortices. B) Shows the relationship between CSF dynamics, shear/strain forces, and abnormal iron markers

primarily at the sulcal fundus and less pronounced in the sulcal bank. Less frequent involvement of the gyral crown may be related to mild contusive forces.

Differences in susceptibility at varying cortical depths likely reflects distinct injury mechanisms at the pial surface versus the GM/WM junction. 2. Presents the

results of group-level analyses, where increases in positive susceptibility in the parahippocampal gyrus (PHG) concomitant with decreases in negative susceptibility

in PHG and CA4 appear to converge on a common spatial nexus for multiple injury mechanisms: the medial temporal lobe. Here, CA4 may be vulnerable to

excitotoxicity and anteromedial PHG and sulci vulnerable to mechanical forces. Depiction of ammon’s horn (panel 2.C.) reused with permission from Parkin (1996).
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9.6 clinical implications

In an acute mTBI cohort, increased positive susceptibility may reflect early iron dysregula-
tion, contributing to the generation of ROS and localised inflammatory responses (Daglas
et al., 2018; Gozt et al., 2021a; Huang et al., 2021; Kruszewski, 2003; Nisenbaum et al.,
2014). Significantly decreased positive susceptibility likely indicates iron deficiency and
potential neuron loss (Levi et al., 2024). Elevations in negative susceptibility, on the other
hand, might indicate higher concentrations of calcium or certain proteins such as Aβ and
tau, while decreased negative susceptibility is likely indicative of myelin degradation or
cell loss (Chary et al., 2021; Duyn et al., 2017; Gong et al., 2019; Jang et al., 2021; S. Kim
et al., 2020; O’Callaghan et al., 2017; Y. Wang et al., 2017; Z. Zhao et al., 2021). Collect-
ively, these pathological processes have been documented across the full spectrum of TBI
(Bramlett et al., 2002; Flavin et al., 2023; Giza et al., 2014; Lu et al., 2015; Mahoney et al.,
2022; Maxwell et al., 2003b; Nisenbaum et al., 2014; Raz et al., 2011; Weber et al., 2018). In a
clinical context, identifying the specific pathophysiological mechanisms that occur shortly
after injury, and quantifying their severity, are essential for assessing the extent of mTBI-
related damage, guiding targeted interventions, and informing return-to-play decisions for
athletes (Maas et al., 2017).

Of particular concern is the risk of a persistent burden and neurodegenerative processes
catalysed by even mild brain injuries and repetitive sub-concussive events (Maas et al.,
2017). For some individuals, mTBI can induce chronic cognitive deficits, increased suscept-
ibility to mental health disorders, and even premature morbidity (De Beaumont et al., 2009;
Guskiewicz et al., 2007; Mackay et al., 2019; McInnes et al., 2017). This risk is elevated in
cases of repetitive mTBI, as commonly observed in sports participation, where a clear dose-
response relationship exists. Cumulative insults may also trigger progressive cellular and
structural deterioration, initiating a cascade of neurobiological events that can culminate
in the development of CTE (McKee et al., 2023). Whilst the precise relationship between
iron overload and the downstream hyperphosphorylation of tau proteins remains an active
area of research, a growing body of evidence suggests that early iron dysregulation may
facilitate tau phosphorylation, NFT formation, and necrosis (Juan et al., 2023; Levi et al.,
2024; Nisenbaum et al., 2014) and may be implicated in CTE (Bouras et al., 1997; Zecca
et al., 2004) and other neurodegenerative disorders including AD, PD, and MS (Daglas
et al., 2018; Ghaderi et al., 2024; Levi et al., 2024; Mohammadi et al., 2024a, 2024b; Rouault,
2013; Stephenson et al., 2014; Yamamoto et al., 2002).

The widespread elevations of iron markers in this acute mTBI cohort, especially in
regions where tauopathy is present in CTE, raises important questions about the role
of iron in both acute secondary injury and subsequent tissue degeneration. In CTE,
pathognomonic lesions are characterised by the presence of p-tau at the depth of the cor-
tical sulcus, often involving, but not limited to, the subpial and superficial layers. Moreover,
NFTs in the superficial cortical layers, hippocampal CA4 with dendritic swellings, and in
the entorhinal cortex and mammillary bodies are diagnostic of CTE and CTE burden (high
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versus low) (Bieniek et al., 2021). Extensive atrophy, including neuron loss, gliosis, and
NFT accumulation in the medial temporal lobe are also features of CTE.

Regions implicated in these pathological processes show considerable spatial overlap
with the findings presented throughout this thesis. This includes a high burden of abnor-
mal iron markers in the mammillary nucleus (Chapter 7); significant involvement of the
temporal and medial temporal lobes, including the hippocampus (Chapter 6, Chapter 7,
and Chapter 8); pronounced alterations in the cortical sulci (Chapter 6 and Chapter 8);
and evidence of parahippocampal and entorhinal cortical involvement (Chapter 6 and
Chapter 8). Additionally, decreased negative susceptibility in the hippocampal CA4
(Chapter 5) may reflect myelin degradation or damage to the vulnerable cell populations
in this region. Given the established associations between iron overload and tauopathy, the
young age of the mTBI cohort, and the disproportionate development of CTE pathology in
males (Bieniek et al., 2020), these data indicate that follow-up regarding potential effects
to long-term brain health are warranted.

Coupled with the established associations between abnormal iron levels and cognitive
decline (Schröder et al., 2013), and the relationship between abnormal cortical iron mark-
ers, which were particularly dense in the temporal lobe, and clinical symptomatology
(Chapter 8), the collective findings of this thesis also reinforce concerns about the role of
iron dysregulation in mTBI pathology. QSM has shown promise in identifying iron dys-
homeostasis in AD and PD, as well a putative relationship with tau and Aβ aggregation
(Acosta-Cabronero et al., 2013; Ahmed et al., 2023; Gong et al., 2019; H. G. Kim et al., 2017;
Merenstein et al., 2024; Mohammadi et al., 2024a; Nikparast et al., 2022b; O’Callaghan et al.,
2017; Uchida et al., 2022; Z. Zhao et al., 2021), suggesting that it may similarly enhance our
understanding of acute regional iron dyshomeostasis following mTBI and its involvement
in the cascade that may, for some individuals, culminate in CTE as a downstream patho-
physiological event. Ultimately, improving our understanding of disease catalysts could
pave the way for early, targeted therapeutic interventions aimed at mitigating these initial
effects.

Here, follow-up investigations will be of importance. A better understanding of iron and
other neurobiological correlates, such as myelin damage or protein aggregation, is essen-
tial for developing effective care and targeted treatments at the acute stage of mTBI, which
could protect against adverse consequences later in life. Recent research has explored the
possibility of using heavy metal chelation as a therapeutic target for iron in AD (Mazur
et al., 2024) and TBI (Daglas et al., 2018). In AD, this approach has had limited success, per-
haps due to the accumulation of iron over a long time course; once iron overload becomes
apparent, cell death has already occurred (Levi et al., 2024). However, mechanisms of acute
injury-related iron overload may be distinct from long-term aggregation. Murine models
using iron chelators such as Deferoxamine (Jia et al., 2023; Long et al., 1996; Panter et
al., 1992; J. Zhao et al., 2014) and N,N’-Di(2-hydroxybenzyl)ethylenediamine-N,N’-diacetic
acid monohydrochloride (Khalaf et al., 2019) have shown promise in reducing TBI symp-
tomatology, likely through inhibition of ferroptosis and reductions in neuroinflammation,
ROS, and gliosis. More research is needed to understand efficacy in humans, but this re-
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mains a possible avenue for limiting the effects of acute iron dyshomeostasis which may
contribute to degenerative effects evident in later life.

9.7 limitations and future research

The first major limitation of the research in this thesis is related to the sequence parameters
for magnitude and phase data acquisition used to reconstruct QSM. Here, it is important
to point out that while the QSM reconstruction algorithm was congruent with recent con-
sensus guidelines, the use of a single-echo GRE acquisition was not (Bilgic et al., 2024) and
limited the separation of susceptibility sources to a more rudimentary between voxels ap-
proach. While acquisitions of ≤1 mm isotropic resolution are recommended to mitigate
potential susceptibility underestimation (Bilgic et al., 2024; Karsa et al., 2019a), acquisi-
tions of ∼1 mm voxel resolution nonetheless contain a combination of paramagnetic and
diamagnetic susceptibility sources at the molecular level (J. Chen et al., 2021). As a result,
thresholding the susceptibility maps can introduce ambiguity regarding the interpretation
of the underlying biological substrates. For instance, if a voxel exhibits a negative net
susceptibility (indicating diamagnetic dominance), a reduction in the magnitude of this
negativity could result either from a loss of diamagnetic material (such as myelin) or from
an increase in paramagnetic material (such as iron deposition) that is insufficient to shift
the net value to positive but would nonetheless contribute to an overall increase in positive
susceptibility when analysed as part of a raw, continuous map (this is also demonstrated
in Fig. 9.1). In addition, this approach can lead to indeterminate values in an ROI com-
prised predominantly of a single susceptibility sign, resulting in indeterminate values for
the non-dominant sign. This phenomenon is more likely in smaller ROIs comprised of a
more limited number of voxels (see Chapter 5). Lastly, voxels with a net susceptibility of
zero likely contain biologically informative data, but were omitted from analysis,

True magnetic source separation, as currently defined by the standing literature, involves
isolating the distinct susceptibility contributions within individual voxels, effectively de-
convolving the bulk voxel-wise susceptibility into its sub-voxel para- and dia-magnetic
constituent elements (Ahmed et al., 2023; J. Chen et al., 2021; Emmerich et al., 2021; J.
Lee et al., 2024; Z. Li et al., 2023; Shin et al., 2021). Multi-echo sequences not only align
with best-practice guidelines for data acquisition (Bilgic et al., 2024), but enable intra-voxel
source separation, such as DECOMPOSE-QSM (J. Chen et al., 2021), χ-separation (Shin et
al., 2021), and APART-QSM (Z. Li et al., 2023). These source separation techniques would
allow robust distinction of disparate susceptibilities within all voxels for a given map, mit-
igate the issue of zero-value voxels and indeterminate values, and should be adopted by
future studies to better elucidate the complex interplay of biological substrates in mTBI.

The second major limitation of this thesis is the inherent challenge in using neuroima-
ging modalities to directly infer underlying biological processes. This limitation arises from
spatial constraints and the reliance on indirect markers to assess tissue composition. Even
though the relationship between QSM and iron is well established, QSM remains a surrog-
ate measure. In addition, QSM can provide insight into other biological substrates includ-
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ing calcium and protein accumulation as well as changes to myelin content. Integrating a
multi-modal MRI protocol enables a more comprehensive understanding of mTBI-related
brain alterations. Combining dMRI and fMRI can elucidate both the structural disrup-
tions in white matter pathways and broader network-level functional disruptions, thereby
augmenting susceptibility-based findings in grey matter. Additional complementary mod-
alities such as quantitative T2w imaging analysis, where the presence of paramagnetic
substances shortens the T2 relaxation time (Onyszchuk et al., 2009), would improve infer-
ence about iron deposition in brain tissue. Moreover, incorporating PET imaging would
offer critical insights into cellular metabolism and other neurobiological processes related
to mTBI, thereby enabling more biologically informed interpretations of observed differ-
ences. For example, by using tracers sensitive to neuroinflammatory processes including
ROS (ROStrace), Aβ (e.g., Pittsburgh Compound B, Florbetapir, Florbetaben, and Flutafur-
anol) or tau (Flortaucipir and Florquinitau) (Dybing et al., 2023; R. Zhou et al., 2021) which
may co-localise with regions of abnormal susceptibility indicating potential iron overload,
protein aggregation, or damage to cellular components. Including blood-based biomarker
assays would also enhance the interpretation of the neurobiological consequences of mTBI,
providing a clearer link between neuroimaging results and molecular pathology. However,
the timing of sample collection is critical due to variations in the kinetic profiles of different
biomarkers. For instance, in this sample, only neurofilament light chain and p-tau would
be reliably detectable in the days to weeks following injury (for consensus guidelines, see
Backus et al., 2024).

The third major limitation of this thesis is the exclusive focus on bilateral brain regions.
This approach risks masking region-specific or lateralised anomalies that could be critical
for understanding mTBI pathophysiology, regional vulnerability, and injury mechanisms.
Analysing only bilateral differences may obscure important hemispheric disparities, espe-
cially since lateralised effects are well documented in mTBI. These effects are evident in
impact distribution (Viano et al., 2005), numerous MRI-based studies (for a review, see
Lunkova et al., 2021), as well as in research on iron deposition in chronic mTBI (Lu et
al., 2015), murine models of impact-related iron deposition observed using T2w imaging
(Onyszchuk et al., 2009), and dendritic degeneration with Golgi staining (Gao et al., 2011).
Future studies should explicitly examine hemispheric differences, and prospective research
designs should incorporate data that directly reflects injury mechanisms. For example, hel-
met tracking data (Saikia et al., 2024; Zhuang et al., 2021) or gameplay recording, to cor-
relate biomechanical forces with observed imaging changes. This approach would enable
a more targeted exploration of the causal links between impact dynamics, regional tissue
disruption, and clinical outcomes.

In addition, several confounding variables were not accounted for in this research, in-
cluding number of previous injuries and potential genetic vulnerabilities (Rosenbaum et
al., 2012), data regarding the injury environment, mechanical loading, injury biodynamics,
and variations in cranial morphology (Knutsen et al., 2020; Orr et al., 2024) which may
confound or support results. Representative data should be collected where possible in
future research. Given that this study was conducted exclusively in a male cohort that cap-
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tures data from adolescence and early adulthood (i.e., ages 16-33), the generalisability of
the findings to older or younger athletes is limited. Future studies should aim to include a
broader age spectrum to further explore the interaction between age and susceptibility in
mTBI, which has been cited throughout the studies presented in this thesis as a potential
confounding variable. Age-related regional cortical and subcortical iron accumulation is
generally most pronounced up until the third decade of life (Hallgren et al., 1958) and re-
search using cohorts with a broader age range should incorporate statistical modelling that
accounts for differential iron deposition with age. In addition, the limited external validity
is also relevant to the translation of findings reported here to female athletes. To mitigate
these issues and limitations, future research should consider building large control cohorts
over time, with standardised imaging acquisition and sequence protocols, which would fa-
cilitate the use of more robust normative modelling (Marquand et al., 2016). As opposed to
the more basic z-score comparisons when analysing data at the individual level, normative
models require hundreds-to-thousands of control subjects, but allow for covariate adjust-
ments and thus data collection and statistical inference across a wider clinical population
rather than within the narrow samples often seen in clinical research.

The tightly phenotyped participant cohort used in this thesis also resulted in a limited
sample size, and it remains challenging to conduct a priori calculations for sufficient stat-
istical power in QSM studies. However, this cohort is in line with other neuroimaging
research, as exemplified by an investigation of 388 fMRI papers which reported a median
sample size of 33 participants (Yeung, 2018) and an analysis of 270 papers from apex
neuroimaging journals published in 2017 and 2018 that reported a median sample of 23
and 24, respectively (Szucs et al., 2020). Szucs et al. (2020) also noted that only four of
the 131 papers published in 2017 and five of the 142 papers published in 2018 involved
any pre-study power calculations, which were mostly conducted in instances where single
t-tests and correlations were used. The cohort(s) used in the studies comprising thesis are
also comparable to, or larger than, most previous QSM-mTBI investigations where sample
sizes have been reported (Bell et al., 2024; Koch et al., 2021; Pinky et al., 2022; Wright et al.,
2022; Zivadinov et al., 2018a). In addition, calculating statistical power for analyses that
span multiple ROIs and, in particular, thousands of parcel × curvature × depth combina-
tions is prohibitively exhaustive, and further complicated by the use of z-tests, but may in
future be made possible by machine learning algorithms developed for QSM. Nonetheless,
it is important to note that the sample sizes used in neuroimaging research are recognised
as underpowered for detecting true effects, have low positive predictive value when an
effect is identified, and are associated with an amplified estimate of the effect size in the
presence of real effects (Button et al., 2013). As such, it is important to acknowledge that
the findings in this thesis need to be replicated in larger and more generalisable cohorts.

The focus of the individualised studies on net positive voxels left net negative voxels
unexplored. Previous research in AD (Merenstein et al., 2024) has suggested interactions
between iron deposition and changes in negative susceptibility in the cerebral cortex on
QSM. Future exploratory research designs may thus benefit from inclusion of both sus-
ceptibility signs, thereby enabling broader, and potentially concomitant, characterisation
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of individualised tissue changes following injury. In addition, because negative suscept-
ibility was not examined at the individual level, it remains unclear whether group-level
reductions in the parahippocampal gyrus and CA4 are also reflected across individual
participants when z-tests are employed.

Lastly, given the limitations of inferring long-term consequences of sr-mTBI from data
collected at the acute stage, future research should prioritise longitudinal studies tracking
athletes over time. This prospective approach would yield more precise information com-
pared to retrospective studies, providing valuable insights into the relationships between
the number of mTBIs sustained, susceptibility alterations, recovery trajectories, and long-
term outcomes. Here, a combination of both group-level and individualised analytic ap-
proaches should be used, as exemplified by the works presented in this thesis. The former
to identify potentially diagnostic injury signatures, and the latter to understand neuro-
pathology at the individual level and inform individualised interventions, return-to-play
pathways, and treatment strategies.

9.8 conclusions

The studies comprising this thesis investigated mTBI-related differences in quantitative
susceptibility values as a proxy for tissue disruption across the human brain, from the
cerebral cortex to deep nuclei, and introduced several novel approaches to the application
of QSM in mTBI research. Group-level analyses revealed macroscopic effects that may rep-
resent a shared feature of mTBI and a convergence point for multiple injury mechanisms.
Individualised analyses exemplified the utility of z-tests in capturing the inherent hetero-
geneity of mTBI, localising inter-individual differences to distinct cortical and subcortical
regions, and identifying their respective relevance to symptom burden and potential in-
jury mechanisms. The findings presented in this thesis suggest that QSM, when applied
with sufficient anatomical specificity, may be a valuable addition to the suite of MRI-based
imaging techniques currently being leveraged to identify signatures of mTBI and micro-
pathology. The results further suggest that individualised approaches may be a valuable
tool in elucidating the clinical relevance of iron in mTBI. Collectively, these data under-
score the need for significant improvements in anatomical specificity to characterise alter-
ations to tissue susceptibility using QSM, and suggest that the prevailing focus on major
basal ganglia substructures is limiting and should be revised in favour of vulnerability-
based frameworks when selecting ROIs for analysis. The use of complementary analytic
approaches provides compelling evidence of microstructural brain changes in mTBI that
have been largely absent from the QSM literature, laying the groundwork for refining the
application of QSM in mTBI. Finally, these data suggest that a deeper understanding of
regional tissue disruptions, coupled with comprehensive follow-up investigations, could
significantly advance our insight into both the short- and long-term effects of mTBI, includ-
ing the potential contribution of brain iron to injury-induced degenerative tissue cascades.
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Appendix A depicts the full 34 cortical ROIs for which comparative graphs were generated
to illustrate the sensitivity of sampling at six cortical depths (left) in Chapter 8 compared
to a more conservative three-depth model (right). Susceptibility values are shown at each
depth, for each of the three curvature bins (crown = blue; bank = orange; fundus = yellow),
for each ROI. Susceptibility is measured in ppm, and scaled appropriately for the range
of each ROI. OFC = orbitofrontal cortex; mPFC = medial prefrontal cortex; STS = superior
temporal sulcus; LOC = lateral occipital cortex; ACC = anterior cingulate cortex.
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Evidence has linked head trauma to increased risk factors for neuropathology, including mechanical deformation of the sulcal 
fundus and, later, perivascular accumulation of hyperphosphorylated tau adjacent to these spaces related to chronic traumatic 
encephalopathy. However, little is known about microstructural abnormalities and cellular dyshomeostasis in acute mild traumatic 
brain injury in humans, particularly in the cortex. To address this gap, we designed the first architectonically motivated quantitative 
susceptibility mapping study to assess regional patterns of net positive (iron-related) and net negative (myelin-, calcium-, and protein-
related) magnetic susceptibility across 34 cortical regions of interest following mild traumatic brain injury. Bilateral, between-group 
analyses sensitive to cortical depth and curvature were conducted between 25 males with acute (<14 d) sports-related mild traumatic 
brain injury and 25 age-matched male controls. Results suggest a trauma-induced increase in net positive susceptibility focal to 
superficial, perivascular-adjacent spaces in the parahippocampal sulcus. Decreases in net negative susceptibility values in distinct 
voxel populations within the same region indicate a potential dual pathology of neural substrates. These mild traumatic brain 
injury–related patterns were distinct from age-related processes revealed by correlation analyses. Our findings suggest depth- and 
curvature-specific deposition of biological substrates in cortical tissue convergent with features of misfolded proteins in trauma-related 
neurodegeneration. 

Keywords: brain iron; cerebral cortex; magnetic resonance imaging; mild traumatic brain injury; quantitative susceptibility mapping. 

Introduction 
Mild traumatic brain injury (mTBI) is responsible for up to 90% of 
the estimated 50 to 60 million annual incidents of traumatic brain 
injury worldwide, which represents a ∼$400 USD billion global 
economic burden (Howe et al. 2022; Maas et al. 2022). In addition 
to economic impacts, exposure to mild head trauma is a major 
public health concern. mTBI is associated with adverse mental 
health effects, cognitive decline, increased risk of neurodegenera-
tive disease (Guskiewicz et al. 2007; McInnes et al. 2017), and pre-
mature mortality (Mackay et al. 2019). Repeated instances of brain 
trauma are a well-documented risk factor for the progressive 
tauopathy known as chronic traumatic encephalopathy (CTE), 
most often observed in athletes as a result of participation in 

contact sports, or in military veterans from exposure to blast 
impacts (McKee et al. 2013, 2023; Bieniek et al. 2015; Ling et al. 
2017; Mez et al. 2017, 2020; Bieniek et al. 2020). mTBI is character-
ized by a primary insult to the brain, affecting tissue microstruc-
ture and inducing a cascade of secondary cellular processes, 
transient states of metabolic distress, and cellular dyshome-
ostasis (Giza and Hovda 2014). The absence of discernible focal 
lesions or other macroscopic morphological abnormalities means 
standard neuroimaging approaches are often insufficiently 
sensitive to detect mTBI pathology. Advanced neuroimaging 
methods extending beyond the scope of conventional medical 
practices may be used to identify the subtle, diffuse (Hier et al. 
2021; Lunkova et al. 2021), and heterogeneous changes in brain
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structure (Cook and Hawley 2014; Wintermark et al. 2015). Despite 
promising advances toward discovery of mTBI biomarkers, to date, 
no specific markers of structural brain injury have been identified 
and assessments are thus restricted to clinical evaluations and 
self-reported impairments in cognitive and physiological function 
(McCrea et al. 2017; Lunkova et al. 2021). These assessments 
may not accurately reflect objective measures of brain injury 
or recovery status, which can constrain intervention efficacy 
(Shenton et al. 2012; McCrea et al. 2017). 

Investigating the role of biomaterials involved in preserving 
neuronal homeostasis, including trace elements such as brain 
iron, represents a promising direction for biomarker research. 
Iron is essential for proper brain function and is a cofactor in 
various neuronal processes including neurotransmitter-, myelin-, 
and DNA synthesis, energy metabolism, and oxidative phosphory-
lation (Ward et al. 2014b). Cellular concentrations are tightly reg-
ulated within neural tissue, and dyshomeostasis has been linked 
to oxidative stress, DNA and protein damage, inflammation, and 
ferroptosis (a form of iron-regulated cell death) (Mackenzie et al. 
2008; Nisenbaum et al. 2014; Ma et al. 2022). Evidence suggests 
that iron overload is implicated in both secondary injury and the 
emergence of pathology downstream (Gozt et al. 2021) including 
hyperphosphorylation of tau (p-tau) (Yamamoto et al. 2002), high-
lighting the direct interplay between elevated levels of iron and 
CTE-like processes. Histologically validated colocalization of iron 
with abnormal protein accumulations in progressive tauopathies 
has distinguished brain iron as a hallmark feature of degenera-
tive disorders such as Alzheimer’s and Parkinson’s diseases (AD 
and PD, respectively) (Zecca et al. 2004; Stankiewicz et al. 2007) 
and has been cited within neurofibrillary tangles in CTE (Bouras 
et al. 1997). Despite evidence linking head trauma to increased 
risk factors for premature iron-related neuropathology (Daglas 
and Adlard 2018) and increased levels of brain iron in humans 
following mTBI (Nisenbaum et al. 2014), the association between 
brain iron accumulation and the pathophysiology of acute sports-
related mild traumatic brain injury (sr-mTBI) remains unclear. 

Quantitative susceptibility mapping (QSM), an advanced mag-
netic resonance imaging (MRI) method, measures intrinsic mag-
netic properties and spatial distributions of biomaterials and 
molecules (including iron, calcium, protein, and myelin) that are 
related to brain tissue composition (Duyn and Schenck 2017; 
Wang et al. 2017; Gong et al. 2019; Kim et al. 2020; Jang et al. 2021; 
Zhao et al. 2021). The magnetic susceptibility of these materials is 
proportional to the degree of magnetization exhibited in response 
to an external magnetic field, such as the main magnetic field of 
an MRI scanner (B0) (Schweser et al. 2016). Differences in mag-
netic field perturbation from dia- and para-magnetic compounds 
in brain tissue create inhomogeneities in the phase maps of 
gradient-recalled echo (GRE) MRI sequences (Marques and Bowtell 
2005; De Rochefort et al. 2010; Langkammer et al. 2015). This 
mechanism generates contrast in QSM, thereby providing insights 
into the architecture of the brain and enabling more accurate 
delineation of many structural boundaries than the correspond-
ing GRE magnitude images (Liu et al. 2015b). Unlike traditional 
susceptibility-weighted imaging (SWI) from which QSM is derived, 
this approach can be used to directly quantify the susceptibility of 
tissue within regions of interest (ROIs), serving as a close approx-
imation of the constituent elements (Liu et al. 2015a; Deistung 
et al. 2017). Already integral to dementia research (Ravanfar et al. 
2021; Nikparast et al. 2022; Uchida et al. 2022; Ghaderi et al. 2024; 
Mohammadi et al. 2024; Paul et al. 2024), QSM can be extended 
to investigate potential susceptibility-related pathology resulting 
from acute sr-mTBI. 

A limited number of studies have used QSM to quantify mag-
netic susceptibility in white matter (WM) and/or subcortical or 
global gray matter (GM) (Gong et al. 2018; Koch et al. 2018, 2021; 
Weber et al. 2018; Zivadinov et al. 2018; Brett et al. 2021; Pinky 
et al. 2022; Wright et al. 2022; Bell et al. 2025) or as a marker  
of cerebral venous oxygen saturation (Sv02) (Chai et al. 2017; 
Wright et al. 2022; To et al. 2024). QSM investigations of mTBI-
related GM alterations have focused almost exclusively on deep 
gray nuclei as a proxy for injury effects and cellular degeneration. 
This is due to the high density of iron in these nuclei related to 
elevated metabolic demand (Gozt et al. 2021), particularly in the 
globus pallidus, red nucleus, substantia nigra, putamen, dentate, 
caudate, and thalamus, relative to the cortical GM (Hallgren and 
Sourander 1958). These deep GM sites are vulnerable to not only 
iron-mediated disorders (Haacke et al. 2005) but also damage in 
mTBI (Raz et al. 2011). However, studies using QSM to investigate 
mTBI effects have largely overlooked the cortex. This complex 
structure is characterized by ridges (gyri) and grooves (sulci); 
curvatures corresponding to the base (fundus) of these sulci are 
exposed to the greatest force during mTBI, including shear stress 
(Bakhtiarydavijani et al. 2021) and movement of noncompressible 
CSF in a phenomenon referred to as the “water hammer effect” 
(Kornguth et al. 2017). 

These cortical, microvascular-adjacent, regions most suscepti-
ble to mechanical deformation and injury in mTBI are also the 
primary loci of degeneration and tauopathy in CTE (Smith et al. 
2013; Bieniek et al. 2021; McKee et al. 2023) and warrant care-
ful investigation. The two mTBI-QSM studies to include cortical 
GM ROIs were either constrained by a macroscopic voxel-wise 
approach (Gong et al. 2018) or limited to gross segmentations 
of a small number of cortical ROIs (Pinky et al. 2022). Signifi-
cantly more anatomical precision is needed to detect depth- or 
curvature-specific differences in magnetic susceptibility within 
the cortical mantle after mTBI. The cortex is likely excluded from 
investigation due to several methodological challenges primarily 
related to complex cortical architectonics. Firstly, differentiating 
myeloarchitecture, cytoarchitecture, and cortical laminae using 
ultrahigh-field, ultrahigh-resolution MRI (such as that acquired 
at 7T or higher) is a developing area in neuroimaging research 
(Waehnert et al. 2016). Currently, however, ultrahigh-field MRI is 
not as widely available, and clinical MRI data are more typically 
acquired on scanners of lower field strengths such as 3T or 
1.5T (Straub et al. 2019). Secondly, standard voxel-wise compar-
isons and gross segmentations are naïve to the architectonics 
and distribution of cellular elements within the cortical layers; 
here, advanced analytic techniques are essential. At magnetic 
field strengths of 3T or lower, and supra-millimeter voxel reso-
lutions, analysis of specific cortical laminae is inhibited; however, 
column-based analytic techniques (Waehnert et al. 2014; Ma et al. 
2023; Northall et al. 2023; Merenstein et al. 2024) enable depth-
wise investigations of magnetic susceptibility in the cerebral cor-
tex and are already producing promising results in AD research 
(Merenstein et al. 2024). 

To address these research gaps, we conducted the first archi-
tectonically motivated QSM analysis of cortical mTBI effects. This 
study aimed to: (i) assess regional patterns of positive (iron-
related) and negative (myelin-, protein-, and calcium-related) net 
magnetic susceptibility as a marker of acute cortical pathology 
after sr-mTBI and (ii) understand the relationship between mag-
netic susceptibility in the cerebral cortex and variables such as 
age, injury latency, and severity. Based on prior literature, we 
hypothesized that differences in susceptibility would likely be 
evident in the frontal and temporal cortices, which are reported
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to be vulnerable to injury in mTBI and are among the first 
to show degenerative effects of brain injury. We expected this 
distribution to be most prominent in the sulcal fundus due to 
increased vulnerability to trauma-induced deformation. Based 
on known effects of age on cortical iron deposition in this age 
range (Hallgren and Sourander 1958), net positive susceptibility 
values were hypothesized to show a positive relationship with age; 
however, correlation analyses remained largely exploratory and 
without specific a priori hypotheses. 

Materials and methods 
Approval for this study was granted by both The Auckland Univer-
sity of Technology Ethics Committee ([AUTEC] Date: 2022 Febru-
ary 18, Ref: 22/12) and the Health and Disabilities Ethics Com-
mittee ([HDEC] Date: 2022 February 18, Ref: 2022 EXP 11078). 
The study was conducted following the Declaration of Helsinki, 
and all participants provided written informed consent prior to 
data collection. All participants were provisioned a $50NZD food 
voucher to acknowledge their contribution as well as a $20NZD 
fuel voucher or taxi chit to cover travel expenses related to MRI 
scan attendance. 

Participants 
Data from 25 male contact sports players (M = 21.10 years old 
[16 to 32], SD = 4.59) with acute sr-mTBI (<14 d; M = 10.40 d, 
SD = 3.03) and 25 age-matched male controls (M = 21.10 years old 
[16 to 32], SD = 4.35) were used for this observational, case–control 
study (see Table 1). Ages were not significantly different between 
groups (t (48) = 0.00, P = 1.00). Clinical (sr-mTBI) participants were 
recruited through three Axis Sports Medicine clinics (Auckland, 
New Zealand) and through community-based pathways including 
referrals from healthcare professionals and sports team manage-
ment. All clinical participants received a confirmed diagnosis of 
sr-mTBI by a licensed physician as a prerequisite for study inclu-
sion and symptom severity was assessed with the Brain Injury 
Screening Tool (BIST) (Theadom et al. 2021) upon presentation to 
Axis clinics or electronically after recruitment. Healthy controls 
were recruited through print and social media advertisements 
and word-of-mouth. A history of significant medical or neurologi-
cal conditions unrelated to the scope of this study or contraindica-
tion for MRI precluded study participation. Additionally, controls 
were excluded if they had any recent history of mTBI events 
(<12 months) or were living with any long-term effects of previous 
mTBI. All participants completed a 1-h MRI scan and a short 
demographic questionnaire. All MRI testing was conducted at the 
Centre for Advanced MRI (CAMRI), Auckland, New Zealand, and 
relevant scans were reviewed for clinically significant findings by 
a certified radiologist to ensure participant safety. 

Neuroimaging 
Acquisition 
Advanced MRI data were acquired on a 3T Siemens MAGNETOM 
Vida Fit scanner (Siemens Healthcare, Erlangen, Germany) 
equipped with a 20-channel head coil. A 3D flow-compensated 
single-echo GRE sequence was used to obtain magnitude 
and phase images for QSM reconstruction at 1 mm isotropic 
resolution (TR = 30 ms; TE = 20 ms; flip angle (FA) = 15

◦ 
; slice 

thickness = 1.0 mm; field of view (FoV) = 180 mm [LR] × 224 mm 
[AP]; matrix size = 180 × 224 × 160; bandwidth = 101 Hz/px) for 
a total acquisition time of ∼3.43 min. Additional acquisition 
parameters included a transversal orientation with right-to-left 
phase encoding. Wave-CAIPI acceleration was applied (in-
plane = 2, 3D = 2) with 30 calibration reference lines in both 

phase-encode and 3D directions. For each participant, a high-
resolution 3D T1-weighted (T1w) anatomical image volume 
was acquired for coregistration, parcellation and segmentation 
using a Magnetization-Prepared Rapid Acquisition Gradient Echo 
(MPRAGE) sequence (TR = 1,940.0 ms; TE = 2.49 ms, FA = 9

◦ 
; slice 

thickness = 0.9 mm; FoV = 230 mm; matrix size = 192 × 512 × 
512 mm; GRAPPA = 2; voxel size 0.45 × 0.45 × 0.90 mm) for a total 
acquisition time of ∼4.31 min. T2 maps, resting-state functional 
MRI data, diffusion-weighted images, and susceptibility-weighted 
images were also acquired as part of a larger study and analyzed 
separately. Participant Digital Imaging and Communications in 
Medicine (DICOM) images were converted to Neuroimaging Infor-
matics Technology Initiative (NIfTI) files and transformed into 
brain imaging data structure (BIDS) (Gorgolewski et al. 2016) for  
further processing using Dcm2Bids (Boré et al. 2023) version 3.1.1, 
which is a wrapper for dcm2niix (Li et al. 2016) (v1.0.20230411). 

Anatomical image processing 
First, bias field correction was performed on the T1w images for 
each subject using the N4 algorithm (Tustison et al. 2010) from  
ANTs (Avants et al. 2011). The bias field–corrected T1w images 
were processed in FreeSurfer (Fischl 2012) to (i) delineate pial and 
GM/WM boundary meshes and (ii) generate estimates of cortical 
thickness and curvature for each vertex (Merenstein et al. 2024). 
Skull stripping was rerun with additional arguments, including -
gcut and adjustments to the watershed threshold as needed, to 
improve the accuracy of the original FreeSurfer (Fischl 2012) pial 
surface mesh. The pipeline for T1w and QSM image processing is 
summarized in Fig. 1. 

QSM processing 
QSM images were reconstructed using QSMxT (Stewart et al. 2022) 
v6.4.2 (https://qsmxt.github.io/QSMxT/) available as a container 
via NeuroDesk (Renton et al. 2024) (v2024-03-27), a lightweight 
virtual environment. QSMxT integrates and automates phase 
unwrapping using a rapid open-source minimum spanning tree 
algorithm (Dymerska et al. 2021), background field removal with 
projection onto dipole fields (Liu et al. 2011), and sparsity-based 
rapid two-step dipole inversion (Kames et al. 2018); a pipeline con-
gruent with recent consensus statement recommendations for 
best-practice QSM reconstruction (Bilgic et al. 2023). In this study, 
QSM was quantified using the average whole-brain susceptibility 
as the reference. While the selection of an appropriate reference 
region in QSM remains a topic of ongoing debate (Straub et al. 
2017), with each approach involving inherent trade-offs, consen-
sus guidelines support the use of whole-brain susceptibility as a 
stable and reproducible reference (Bilgic et al. 2023). QSMxT also 
enables a two-pass combination method for hole filling and arti-
fact reduction (Stewart et al. 2022) which performs parallel QSM 
masking and reconstruction on susceptibility sources identified 
as reliable and less reliable. Dual QSM images are then combined 
into a final integrated image more robust to reconstruction errors 
and streaking artifacts than those produced using a single-pass 
approach (Stewart et al. 2022). A brain mask was also generated 
using FSL’s BET (Smith 2002) to improve masking and hole-filling 
of the threshold-based selection algorithm (Otsu 1979) used for  
two-pass QSM. 

Subsequent processing was performed locally using FSL (Smith 
et al. 2004; Woolrich et al. 2009; Jenkinson et al. 2012). For each 
subject, the raw magnitude image was skull-stripped using FSL’s 
BET (Smith 2002) with robust brain center estimation and a 
fractional intensity threshold of between 0.3 and 0.6. Binary 
masks were derived from the skull-stripped magnitude image 
and applied to the susceptibility maps to erode non-brain noise
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Table 1. Summary of sr-mTBI participant clinical characteristics with reference to healthy controls. 

ID Age DSI 
(days) 

BIST score MOI MRI findings 

mTBI-01 <20 5 140 Rugby None 
mTBI-02 <20 5 12 Rugby None 
mTBI-03 20s 6 78 Rugby None 
mTBI-04 <20 13 18 Rugby Small fluid signal spaces in R peritrigonal WM—normal. R caudate cleft along 

ventricular surface—possibly developmental or from old ischaemic insult 
mTBI-05 <20 12 61 Rugby None 
mTBI-06 20s 13 42 Rugby None 
mTBI-07 20s 13 13 Football Minor artifactual T1 signal in pons 
mTBI-08 20s 12 6 Hockey None 
mTBI-09 20s 6 56 Rugby Minor R orbital fracture (old) 
mTBI-10 <20 12 54 Rugby None 
mTBI-11 20s 10 52 Rugby None 
mTBI-12 30s 13 13 Football None 
mTBI-13 <20 5 79 Rugby None 
mTBI-14 20s 13 2 Rugby Small focus of susceptibility in L superior frontal gyrus, possibly vascular or 

nonspecific hemosiderin 
mTBI-15 <20 13 22 Rugby None 
mTBI-16 <20 8 117 Futsal Tiny cleft of fluid signal in R cingulate gyrus—minor developmental anomaly or 

mature gliosis 
mTBI-17 20s 13 ∗ Rugby None 
mTBI-18 20s 10 34 Gymnastics None 
mTBI-19 20s 13 28 Jiu-jitsu Some artifactual DWI signal in pons 
mTBI-20 20s 11 69 Surfing Tiny susceptibility site in R temporal lobe—may be vascular 
mTBI-21 <20 7 14 Rugby Minor susceptibility in transverse sulcus in R mid temporal lobe—nonspecific, 

may be vascular or reflect hemosiderin deposition from prior small volume 
hemorrhage 

mTBI-22 <20 13 39 Judo None 
mTBI-23 <20 9 34 Rugby None 
mTBI-24 <20 12 68 Rugby None 
mTBI-25 20s 12 17 Rugby 7 mm pineal cyst—normal limits. Some T1 hyperintensity in R 

cerebellum—artifact compatible 
Mean 21.10 10.4 44.5 No findings considered clinically relevant 

years /160 
Mean HC 21.10 

years 
No findings considered clinically relevant 

Note. Diagnostic assessment is limited to the volume T1, SWI, and DWI sequences with only limited interpretation of the multi-echo T2 stack. Clinical 
assessments are relevant to identification of micro-hemorrhages, areas of siderosis, T1 appearance, gliosis, volume, ventricular volumes, and non-neurological 
findings. Age is given in a range to prevent re-identification of participants. Possible range of BIST scores is 0 (min) to 160 (max). Clinical group data 
correspondent to date at MRI only with the exception of the BIST acquired >24 h postinjury prior to MRI scanning (<14 days post). Abbreviations are as follows: 
ID, unique identifier; DSI, days since injury; BIST, Brain Injury Screening Tool; MOI, mechanism of injury; MRI, magnetic resonance imaging; L, left; R,  right;
∗, missing data. 

around the brain perimeter using fslmaths. Skull-stripped T1w 
images were used for the linear coregistration of the magnitude 
image using FMRIB’s Linear Image Registration Tool (FLIRT) 
( Jenkinson and Smith 2001; Jenkinson et al. 2002; Greve and 
Fischl 2009) with 12 degrees of freedom (DoF). Due to variability 
in acquisition parameters, FoV, and matrix size between subject 
images, the 12 DoF linear registration provided more accurate 
alignment compared to the 6 DoF alternative, allowing for better 
compensation of nonrigid anatomical variations upon visual 
inspection. The resulting transformation matrix was used for 
spatial normalization of the QSM images to T1w space, effectively 
upsampling the QSM images. As the analyses are based on 
cortical depth rather than voxel-wise comparisons, upsampling 
was not considered a concern. In line with prior research that 
has used a binary intervoxel thresholding approach (Merenstein 
et al. 2024), net QSM maps were then thresholded into separate 
maps of dominant voxel-wise sign with fslmaths. This approach 
separates values across voxel boundaries above (QSM +) and  
below (QSM−) zero, thereby isolating predominantly positive 
(iron-related) voxels from predominantly negative (myelin-, 

calcium-, and protein-related) voxels (Duyn and Schenck 2017; 
O’Callaghan et al. 2017; Wang et al. 2017; Gong et al. 2019; Kim 
et al. 2020; Jang et al. 2021; Zhao et al. 2021) prior to ROI-wise 
analysis. Traditional QSM maps represent an aggregate of the 
susceptibility within voxels (Reichenbach 2012), and this intra-
voxel averaging can obscure individual susceptibility sources 
within a voxel. While intra-voxel susceptibility source separation 
necessitates the acquisition of multi-echo data (Chen et al. 2021; 
Emmerich et al. 2021; Shin et al. 2021; Ahmed et al. 2023; Li et al. 
2023; Lee et al. 2024), a more rudimentary intervoxel thresholding 
approach can be applied with single-echo data to separate voxels 
of dominant sign. 

Cortical column generation 
To generate cortical columns and sample signed susceptibility 
values, we used a pipeline previously applied to DWI data 
analysis (Ma et al. 2023) and recently adapted for use with QSM 
(Merenstein et al. 2024). First, the T1w FreeSurfer (Fischl 2012) 
recon served as an input into the easy_lausanne tool (https:// 
github.com/mattcieslak/easy_lausanne.git). This stripped-down
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Fig. 1. Image processing pipeline. Steps are performed independently and in parallel for each participant. Quantitative susceptibility maps were 
reconstructed from magnitude and phase images using QSMxT, and eroded by the skull-stripped, binarized magnitude image mask to remove nonbrain 
sources of susceptibility. QSM images were then aligned to T1w images and thresholded into net positive and net negative susceptibility maps. FreeSurfer 
recon was used on bias field–corrected T1w images to produce pial and GM/WM boundary surface meshes, and vertex pairs were then joined to create 
cortical columns. Parcellations of the cortical GM were estimated by feeding the T1w FreeSurfer recon into easy_lausanne. Columns were then assigned 
specific ROIs and curvature bins and used to sample susceptibility from thresholded QSM maps. 

fork of the open-source Connectome Mapper ( Daducci et al. 2012) 
separates the cortex into five atlases, ranging from 34 to 250 
ROIs per hemisphere, according to the Lausanne multiscale atlas 
(Cammoun et al. 2012). For subsequent analyses, we focused on 
the atlas with 34 ROIs per hemisphere, which is equivalent to the 
Desikan–Killiany atlas (Desikan et al. 2006) native to FreeSurfer 
(Fischl 2012). 

Cortical columns were created for each hemisphere in T1w 
space with write_mrtrix_tracks (Tournier et al. 2019) in  MATLAB 
(version R2024a), which was used to connect vertex pairs between 
the pial and GM/WM boundary surface meshes. As such, use 
of the term “column” in this context denotes a straight line 
orthogonal to the cortical surface (Merenstein et al. 2024), extend-
ing from the pial surface to the GM/WM boundary, rather than 
implying distinct cortical cytoarchitecture (Brodmann 1909). Each 
cortical column was segmented into 21 equidistant depths, each 
with a step size of 5% of the cortical thickness (Waehnert et al. 
2014, 2016), from the pial surface to the GM/WM boundary using 
MRtrix3 tckresample (Tournier et al. 2019). Here, the step-wise 
depths represent the 21 equidistant segmentations rather than 
specific cellular laminae (LI to LVI) of the cortex. It is important to 
distinguish results produced using this approach from ultrahigh 
field investigations of cyto- and myelo-architecture in the cerebral 
cortex; results described herein are related to cortical “depth” 
rather than “layer.” The columns were categorized based on cor-
tical curvature, derived from FreeSurfer’s (Fischl 2012) Gaussian 
curvature values at each GM/WM boundary vertex (Pienaar et al. 
2008) and quantified in units of 1/mm2. The categories included 
the gyral crown (curvature values: −0.6 to −0.1), sulcal bank 
(−0.1 to 0.1), and sulcal fundus (0.1 to 0.6) (Merenstein et al. 
2024). Positive curvature values indicated sulci, while negative 
values indicated gyri, with higher values corresponding to deeper 
curvatures (Merenstein et al. 2024). Only columns ranging from 
0.5 to 6 mm in length were included in the analysis to capture 
plausible cortical morphology (Fischl and Dale 2000). Depth was 

measured in percentage of cortical thickness rather than absolute 
metrics (mm) to mitigate any variability between control and 
clinical participants. 

Statistical analyses 
To provide a detailed analysis of microstructural differences 
associated with sr-mTBI while maintaining result granularity, we 
performed analyses at the bilateral regional level using MATLAB 
(2024a). Average net positive and net negative susceptibility 
values were extracted from 21 cortical depths for all 34 ROIs. 
Each ROI was analyzed by an independent curvature bin (gyral 
crown, sulcal bank, and sulcal fundus) as well as combined 
curvature as a whole-ROI measure. Between-group analyses 
were conducted using two-tailed independent-sample t-tests. To 
control for multiple comparisons and align with prior research 
(Merenstein et al. 2024), we applied a false discovery rate (FDR) 
correction (Benjamini and Hochberg 1995) to the  P-values for 
21 comparisons (one for each depth) for each ROI/curvature 
profile. Due to precise age-matching of participants, age was 
not considered a covariate or confounding variable of interest for 
between-group comparisons. However, to explore the relationship 
between QSM values and age in the entire sample, two-tailed 
partial Pearson correlation coefficients were calculated between 
age and both net positive and net negative susceptibility 
values independently for all 34 curvature-combined ROIs, at 
each depth, while controlling for group effects. To explore the 
relationship between susceptibility values and other sr-mTBI-
related variables, two-tailed Pearson correlation coefficients were 
also calculated between BIST scores and injury latency (days since 
injury [DSI]) and both net positive and net negative susceptibility 
values independently for the sr-mTBI sample only. Net negative 
susceptibility values were multiplied by −1 to convert them to 
absolute values, ensuring a consistent directional interpretation 
in all correlational analyses and more intuitive visualization. 
mTBI-17 was excluded from correlations between BIST and both
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Fig. 2. Bilateral regional curvature and depth results. Color maps demonstrate differences in magnetic susceptibility at each cortical depth (where 
0% depth is proximal to the pial surface and increases toward the GM/WM boundary at 100% depth), separately for each curvature bin (crown, bank, 
fundus) as well as combined curvature as a whole-ROI measure. Two-tailed independent-sample t-tests examined group differences in net susceptibility 
at each depth, for each curvature, at each ROI. P-values were corrected for multiple comparisons across 21 cortical depths using FDR. A) Net positive 
susceptibility values were significantly more positive for participants with sr-mTBI than healthy controls in temporal ROIs and significantly less positive  
in frontal regions only. B) Net negative susceptibility values were significantly less negative for sr-mTBI participants than controls in temporal ROIs and 
significantly more negative in parietal ROIs. OFC = orbitofrontal cortex; mPFC = middle prefrontal cortex; STS = superior temporal sulcus; LOC = lateral 
occipital cortex; ACC = anterior cingulate cortex. Figure based on Merenstein et al. (2024). 

net susceptibility signs due to missing data. Correlations were also 
corrected for 21 depth-wise comparisons using FDR procedures 
( Benjamini and Hochberg 1995). Given the limited sample size 
and the need to conserve degrees of freedom in this exploratory 
study, regression analyses were deliberately omitted. 

Results 
Regional depth and curvature 
Net positive susceptibility 
Across bilateral depth profiles, participants with sr-mTBI exhib-
ited significantly higher net positive susceptibility than controls 
in the temporal lobe only (see Fig. 2A), specifically in superficial 
depths of the sulcal bank and fundus of the parahippocampal 
gyrus, a finding that was conserved when curvature was com-
bined as a whole-ROI measure (see also Fig. 3.1A and Fig. 3.2A). 
Susceptibility was decreased following sr-mTBI in the superficial 
gyral crown of the rostral medial prefrontal cortex (mPFC) and 
superficially in the frontal pole when curvature was combined. 
No significant differences between groups were found in bilateral 
susceptibility values in parietal, occipital, or insular lobes. 

Net negative susceptibility 
Across bilateral depth profiles, participants with sr-mTBI exhib-
ited significantly less net negative susceptibility than controls 
in the temporal lobe only (see Fig. 2B). This finding was focal 
to the superficial depths of the fundus in the parahippocampal 
gyrus, as well as when curvature was combined (see also Fig. 3.1B 
and Fig. 3.2B). Net negative susceptibility was more negative for 
participants with sr-mTBI deep in the supramarginal gyral crown 

of the parietal cortex only. No significant differences between 
groups for curvature were found in the sulcal bank (see Fig. 3B). No 
significant differences were found in bilateral frontal, occipital, or 
insular lobes. 

Age and bilateral regional net susceptibility 
Net positive susceptibility 
We observed significant positive correlations between age and 
iron-related net positive susceptibility distributions exclusively at 
deeper cortical depths near the GM/WM interface (see Fig. 4A(i)). 
In the frontal cortex, regions with statistically significant age-
related increases in net positive susceptibility values included the 
pars orbitalis, pars triangularis, superior frontal gyrus, paracen-
tral lobule, and precentral gyrus. In the parietal cortex, significant 
regions were the superior and inferior parietal lobules, supra-
marginal gyrus, and precuneus. In the temporal lobe, significant 
positive correlations were found in the parahippocampal gyrus 
and inferior temporal gyrus. The only cingulate region to exhibit 
a positive age-related correlation was the isthmus. No signifi-
cant positive correlations with age were identified in any ROIs 
within the occipital cortex. Conversely, we identified significant 
negative correlations between age and net positive susceptibility 
exclusively at superficial cortical depths near the pial surface, 
demonstrating an inverse pattern to the positive correlations. In 
the frontal cortex, the areas showing significant negative corre-
lations were the pars orbitalis, pars triangularis, superior frontal 
gyrus, paracentral lobule, and precentral gyrus. In the parietal 
cortex, the postcentral region exhibited significant negative corre-
lations. No significant negative correlations between net positive 
susceptibility and age were apparent in temporal, occipital, or 
insular ROIs.
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Fig. 3. Significant region-wise susceptibility values. 1) Differences in net sign-wise susceptibility values between mTBI participants and controls for 
significant regions of interest only. A) Net positive susceptibility values were significantly higher for participants with mTBI than healthy controls in 
superficial depths of the sulcal bank and fundus of the parahippocampal gyrus, as well as when curvature was combined. Values were significantly 
less positive for mTBI participants superficially in the gyral crown of the rostral mPFC and the superficial frontal pole when curvature was combined. 
B) Net negative susceptibility values were significantly less negative for mTBI participants than controls in the superficial depths of sulcal fundus in the 
parahippocampal gyrus, as well as when curvature was combined. Values were significantly more negative after mTBI deep in the supramarginal gyral 
crown. Susceptibility is measured in parts per million (ppm). mPFC = middle prefrontal cortex. 2) Medial visualization of significant ROIs after mTBI for  
both net positive A) and net negative B) susceptibility maps when curvature was combined as a whole-ROI measure. Surface lines demarcate borders 
between ROIs, projected onto an inflated surface. Significant ROIs are filled; intensity values relate directly to pFDR significance level. For visualization 
purposes, depth was reduced from 21 to 7 by averaging pFDR values every 3 consecutive depths where 0% is proximal to the pial surface and 100% to 
the GM/WM interface. 

Net negative susceptibility 
Significant positive relationships were observed between absolute 
net negative susceptibility values and age, primarily in the super-
ficial depths of ROIs across all lobes, which at times extended 
to the GM/WM border (see Fig. 4B(i)). In the frontal lobe, ROIs 

exhibiting significant positive correlations between age and net 
negative susceptibility included the frontal pole, rostral mPFC, 
caudal mPFC, pars opercularis, superior frontal gyrus, and pre-
central gyrus. All examined ROIs in the parietal cortex exhib-
ited significant positive relationships, namely, in the superior
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Fig. 4. Correlations between positive or negative net susceptibilities and variables of interest. i) The relationship between age and net positive A) and 
net negative B) susceptibility values was assessed for each depth for combined curvature as a whole-ROI measure using partial correlations to control 
for the effects of group status. ii) The relationship between BIST scores as a marker for injury severity and net susceptibility sign values was explored, 
along with. iii) The relationship between net susceptibility sign values and DSI at the time of MRI scan as a marker of injury latency. Net negative B) 
susceptibility was transformed into absolute values to better represent the relationship between variables. BIST = brain injury screening tool; DSI = days  
since injury (at time of MRI scan). 

parietal lobule, inferior parietal lobule, postcentral gyrus, supra-
marginal gyrus, and precuneus. In the temporal cortex, signif-
icant positive correlations were found in the middle temporal 
gyrus and temporal pole. All occipital ROIs showed significant 
positive correlations, including the lateral occipital cortex, peri-
calcarine cortex, lingual gyrus, and cuneus. Within the insular 
cortex, only net negative susceptibilities in the insula demon-
strated a significant positive relationship with age. In contrast, 
significant negative correlations with age were observed only 
in the deeper cortical layers closer to the GM/WM junction of 
parietal regions, specifically in the superior parietal lobule and 
precuneus. 

Injury severity and bilateral regional net susceptibility 
We observed significant positive correlations between BIST scores 
and net positive susceptibility values in the mid-depths of the 
frontal pole and in superficial depths of the bank of the superior 
temporal sulcus (see Fig. 4A(ii)). No significant correlations were 
observed between net negative susceptibility and BIST scores (see 
Fig. 4B(ii)). 

Injury latency and bilateral regional net susceptibility 
No significant correlations between DSI at time of MRI and net 
positive susceptibility values were observed for any ROI (see
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Fig. 4A(iii)). Net negative susceptibility and DSI were positively 
correlated in superficial depths of the bilateral paracentral gyrus 
in the frontal cortex only (see Fig. 4B(iii)). 

Discussion 
Previous research seeking to understand the role of brain iron 
following mTBI has focused primarily on susceptibility distribu-
tions in subcortical or global GM and/or WM, largely neglecting 
the vulnerability of cortical regions to microstructural damage 
following an mTBI. The two investigations inclusive of cortical 
ROIs were constrained either by macroscopic voxel-wise tech-
niques or a limited number of gross segmentations, which lack 
the anatomical precision necessary to detect depth- or curvature-
specific differences in magnetic susceptibility. To address this gap 
in the literature, we adapted a new analytic technique already 
demonstrating efficacy in AD research to perform the first inves-
tigation of sr-mTBI-related differences in magnetic susceptibility 
as a function of cortical depth and curvature. In line with prior 
QSM research (Merenstein et al. 2024), we thresholded net QSM 
maps into separate maps of dominant voxel-wise sign to isolate 
net voxel-wise sign values for analysis. 

Our findings revealed increased net positive susceptibility 
exclusive to the temporal lobe, specifically in the superficial 
depths at sulcal curvatures in the bilateral parahippocam-
pal gyrus. This pattern was conserved when curvature was 
aggregated as a whole-ROI measure. In contrast, age-related 
net positive susceptibility indicative of iron deposition was 
observed at deep cortical depths, closer to the interface with 
the white matter, in the overall sample. These findings suggest 
that increases in net positive susceptibility close to the cortical 
surface indicate abnormal, injury-related iron accumulation 
after mTBI. Results corresponded with analyses of net negative 
susceptibility, which was less negative in the superficial depths 
of the sulcal parahippocampal gyrus after mild brain trauma. In 
addition, net negative susceptibility was positively correlated with 
age in superficial depths only, suggesting possible age-related 
calcification processes occurring in superficial cortical layers; 
a pattern opposite to mTBI-related net negative susceptibility 
effects. Fewer correlations were found between subjective injury 
status or time elapsed since injury and susceptibility, supporting 
a body of research demonstrating little relationship between 
objective injury measures and subjective self-report. 

Depth 
In vitro histological studies have demonstrated variations in iron 
distribution relative to specific cortical laminae (e.g., Perls iron 
staining), where concentrations are lowest at the pial surface 
and increase progressively through GM toward its junction with 
WM (Fukunaga et al. 2010). These findings have been corrobo-
rated by iron-sensitive R2

∗ mapping of ex vivo tissue samples 
using ultrahigh-field (7T) MRI (Fukunaga et al. 2010), which also 
exhibit high congruence with in vivo QSM (Shin et al. 2021). 
Taken together, these studies suggest that iron density in the cor-
tex reflects distinct cyto- and myelo-architecture, with variance 
between layers. In healthy populations, iron density should be 
sparse at the pial surface and increase with depth. Conversely, 
our findings indicate an abnormal distribution pattern of net 
positive susceptibility related to iron deposition exclusively in 
superficial depths of the parahippocampal gyrus in the temporal 
cortex following injury (see Fig. 2A, Fig. 3.1A, and  Fig. 3.2A). This 
increased net positive susceptibility at the acute stage of mTBI is 
directly inverted for depth comparative to healthy layer–specific 

variation (Fukunaga et al. 2010; Shin et al. 2021) and patterns 
related to normal aging in this range of the lifespan (see Fig. 4A(i)), 
suggesting an injury-specific model of cortical microstructural 
trauma (see Fig. 5). 

The focal nature of increased net positive susceptibility in 
superficial depths suggests iron accumulation near small blood 
vessels (McKee et al. 2013). Concordantly, microhemorrhage and 
aggregation of activated microglia around perivascular sites are 
well documented after mTBI (Nisenbaum et al. 2014; Mckee and 
Daneshvar 2015; Huang et al. 2021). Here, it is tempting to spec-
ulate about potential mechanisms of iron overload following 
mTBI. Nonheme iron (i.e., bound to proteins such as ferritin and 
transferrin) generally enters the brain through active transport 
across the blood–brain barrier (BBB) via vascular endothelial cells; 
a constant process that is closely regulated within the central 
nervous system to ensure homeostasis (Gozt et al. 2021). Injury-
induced acute cerebral microvascular dysfunction and increased 
permeability of the BBB (Sandsmark et al. 2019; Wu et al. 2020) 
likely increase iron transport into these superficial cortical layers 
(Ward et al. 2014b; Levi et al. 2024), which could result in a perivas-
cular accumulation of iron. Notably, redox reactions involving 
nonheme iron are a significant source of reactive oxygen species 
(ROS) (Nisenbaum et al. 2014); when labile iron accumulates to 
pathological levels, it can exceed the capacity of storage proteins 
inducing oxidative stress, protein and DNA damage, and ferrop-
tosis (Kruszewski 2003; Nisenbaum et al. 2014; Ward et al. 2014b). 
This labile iron is frequently considered a critical contributor to 
secondary injury mechanisms (Nisenbaum et al. 2014; Gozt et al. 
2021; Huang et al. 2021) and represents the primary source of 
paramagnetic susceptibility in the brain on QSM (Langkammer 
et al. 2012). As such, iron accumulation acting as a catalyst 
for auto-toxic circuits (Levi et al. 2024) is a candidate hypoth-
esis by which iron dyshomeostasis after mTBI could account 
for the increased net positive magnetic susceptibility of these 
compromised perivascular regions on QSM. Iron overload may 
represent a promising early marker of acute cell damage and 
mTBI-related neuropathology as well as degeneration of neural 
tissue downstream. However, as the precise mechanisms by which 
iron is released in the brain are still under investigation (Zecca 
et al. 2004; Gozt et al. 2021), these mechanisms cannot yet be 
disambiguated. 

While the relationship between positive susceptibility and 
paramagnetic iron is well established, the mechanisms under-
lying diamagnetic sources of contrast are less well understood 
and more challenging to elucidate (Madden and Merenstein 2023; 
Northall et al. 2023; Merenstein et al. 2024). Recent research 
indicates that the primary source of diamagnetic contrast is 
myelin (Deh et al. 2018), but contributions are also made by 
calcium (Wang et al. 2017; Kim et al. 2020; Jang et al. 2021) 
and the deposition of proteins such as amyloid-beta (Aβ) and  
tau (Gong et al. 2019; Zhao et al. 2021). Our results suggest that 
net negative susceptibility is decreased in the parahippocampal 
gyrus at superficial depths following mTBI. Myeloarchitecture 
studies indicate that Layer I of the cerebral cortex consists 
primarily of axons, dendrites, and axon terminals, the cell bodies 
of which are located in deeper layers (Miyashita 2022). Although 
the cerebral cortex is not well known for high myelin content 
(Northall et al. 2023), decreased net negative susceptibility at 
these superficial depths could indicate changes to surface axons. 
This pattern coincided with increased net positive susceptibility in 
the superficial parahippocampal gyrus, suggesting a dual model 
of perivascular microstructural trauma focal to this region. The 
majority of iron present in the human brain parenchyma is stored
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Fig. 5. Iron and net positive susceptibility distributions in the parahippocampal gyrus. Visualization of depth-specific net positive (iron-related) 
susceptibility distributions. A) Depicts increased net positive susceptibility following mTBI relative to healthy controls restricted to superficial depths 
of the parahippocampal gyrus. This pattern does not overlap with B) validated patterns of lower iron concentration proximal to the pial surface 
and increasing toward the GM/WM interface as a pattern of normal layer-specific distributions, or C) normal age-related increases in net positive 
susceptibility in this population (16 to 32 years) restricted to the deeper cortical depths closer to the GM/WM boundary. Depiction of the hippocampal 
formation inspired by the illustration in Ranson and Clark (1959). 

as nonheme iron within myelin-maintaining oligodendroglia and 
in myelin itself ( Connor and Menzies 1995); pathological iron 
levels have been known to damage both (Bradl and Lassmann 
2010; Lassmann et al. 2012; Hametner et al. 2013). Mechanisms 
leading to concurrent increases in net positive susceptibility 
and decreases in net negative susceptibility in distinct voxel 
populations within the same ROI, as observed in this study, 
are further supported by research into pathogenesis of multiple 
sclerosis, which indicates that neuroinflammation and altered 
BBB permeability can result in iron accumulation in macrophages 
and other iron-related cytotoxic events, such as oxidative stress, 
causing degradation of oligodendrocytes and axons (Bradl and 
Lassmann 2010; Lassmann et al. 2012; Ward et al. 2014b). Research 
leveraging multi-echo QSM and contemporary magnetic source 
separation to investigate cortical pathology in MS has also linked 
decreased negative susceptibility to demyelination, reinforcing 
the potential role in disease pathology (Straub et al. 2023). 
Conversely, increased net negative susceptibility was mostly 
observed at deeper cortical depths closer to the GM/WM junction, 
which might reflect aggregation of Aβ or tau inherent to AD (Braak 
and Braak 1991) and  CTE (McKee et al. 2023), or calcifications 
known to negatively affect cognition (Thibault et al. 2007). 
Notably, the injury-related accumulation patterns did not overlap 
with age-related changes in net negative susceptibility, which 
increased at superficial depths (see Fig. 4B(i)). This suggests that 
both decreased net negative susceptibility in superficial depths 
and increased net negative susceptibility at deeper cortical depths 

may result from abnormal, injury-related, neuropathological 
processes. 

Curvature and ROI 
Prior research has noted that the sulcal fundus is particularly 
vulnerable to injury in mTBI due to increased susceptibility to 
mechanical deformation (Smith et al. 2013; Bakhtiarydavijani 
et al. 2021; McKee et al. 2023) and the “water hammer effect” 
(Kornguth et al. 2017). The current study supports a fundus-
specific model of damage in mTBI; the only persistent differences 
between groups in both net positive and net negative susceptibil-
ity were observed in sulcal regions of the bilateral parahippocam-
pal gyrus (net positive susceptibility: sulcal bank and fundus; 
net negative susceptibility: sulcal fundus [see Figs. 2 and 3]). The 
focal nature of injury to these concave regions extends prior 
work noting increased mean cortical curvature in the sulcus (King 
et al. 2016) and sulcal widening (Kornguth et al. 2017) after mTBI.  
Results are also consistent with observations of mTBI-related 
vascular injury and microhemorrhage in the sulcal fundus on SWI 
(Kornguth et al. 2017). Additionally, the inferior medial temporal 
lobe is a notable site of injury in sr-mTBI (Mckee and Daneshvar 
2015) and the parahippocampal gyrus proximal to the sphenoid 
ridge in TBI (Bigler 2007). Impact with this uneven portion of the 
skull base combined with reduced protection from dura where 
this region overlaps with the free edge of the tentorium cerebelli 
(Bigler 2007), could plausibly explain the differences in net sus-
ceptibility values focal to the parahippocampal gyrus. Previous
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research has also highlighted associations between sr-mTBI and 
loss of cortical thickness in the parahippocampal gyrus along with 
reductions in parahippocampal volume (Arciniega et al. 2024). 

Contextually, the parahippocampal cortex acts as a hub region 
in a network connecting areas of the frontal, parietal, and tempo-
ral lobes (Raslau et al. 2015) and represents a vital link between 
the default-mode network and the medial temporal lobe memory 
system, as evidenced by resting-state fMRI studies (Ward et al. 
2014a). As such, it is integral to various cognitive processes includ-
ing visuospatial processing and episodic memory (Aminoff et al. 
2013) and the facilitation of contextual associations fundamental 
to higher-order cognitive performance (Raslau et al. 2015). The co-
occurrence of iron-related net positive susceptibility values and 
net negative susceptibility values in different voxels within the 
same ROI, indicating potential myelin changes, particularly in the 
integrative superficial depths of the temporal parahippocampal 
gyrus, is consistent with the memory impairments symptomatic 
of sr-mTBI (Mckee and Daneshvar 2015). 

Age and clinical correlates 
Increasing iron in deep GM nuclei and some regions of the cortex is 
a hallmark of normal aging (Hallgren and Sourander 1958; Zecca 
et al. 2004). Research indicates that age-related iron increases 
occur primarily in the motor and premotor cortices, as well as the 
superior prefrontal and parietal cortices (Hallgren and Sourander 
1958; Acosta-Cabronero et al. 2016). Additionally, these increases 
have been reported in the insula (Acosta-Cabronero et al. 2016) 
and hippocampus (Hagemeier et al. 2012). Histological evidence 
suggests that normal increases in cortical nonheme iron may be 
especially pronounced in younger individuals, sharply increas-
ing during childhood and plateauing at around 30 years of age, 
depending on region (Hallgren and Sourander 1958; Schenck and 
Zimmerman 2004). These observations are supported by some 
(Callaghan et al. 2014; Acosta-Cabronero et al. 2016) but not other 
(Rodrigue et al. 2011) cross-sectional iron-sensitive MRI findings 
in adjacent age groups. Our findings support age-related cortical 
iron increases in a youthful population. In line with prior research, 
ROIs with age-related increases in likely iron content were most 
dense in frontal and parietal lobes, in addition to two loci in 
the temporal lobe and one in the insular cortex (see Fig. 4A(i)). 
Of all cortical regions, the motor system is particularly affected 
by age-related iron deposition (Acosta-Cabronero et al. 2016), a 
pattern mirrored in our findings that shows a notable density in 
the primary motor cortex. Our results suggest that age-related 
increases are restricted to deeper cortical depths closer to the 
GM/WM junction, which is known to naturally express higher 
iron levels in the healthy population (Fukunaga et al. 2010; Shin 
et al. 2021). These deeper layers contain large pyramidal cells 
(Miyashita 2022), which could speculatively accumulate iron dif-
ferently. Indeed, previous research (Merenstein et al. 2024) has  
suggested that because age is more predictive of delayed response 
time rather than difficulties in decision-making (Ratcliff 2008; 
Madden et al. 2020; Merenstein et al. 2023), age-related iron accu-
mulation should show a preference for deeper layers responsible 
for output rather than more integrative superficial regions (Rolls 
and Mills 2017). 

In addition, we observed age-related increases in net negative 
magnetic susceptibility exclusively close to the pial surface. Pre-
vious studies utilizing negative QSM have shown similar distri-
butions at superficial depths (Northall et al. 2023). This pattern 
aligns well with research indicating more common occurrences 
of calcifications in areas with high vascularization and metabolic 
activity (Jang et al. 2021), such as the cortical surface serviced 

by the pial arterial vasculature (Bollmann et al. 2022). Taken 
together, our findings indicate that age-related increases in iron 
are likely restricted to deep cortical depths, while diamagnetic 
calcifications are likely to occur at superficial depths. Both obser-
vations are supported by strong biological plausibility and well-
documented scientific evidence. This reinforces the conclusion 
that observed differences in both net positive and net negative 
susceptibility following sr-mTBI reflect pathological processes 
distinct from those associated with normal aging. 

The general lack of correlation between net positive or net 
negative susceptibilities and BIST scores may be attributed to the 
under-reporting of symptoms notorious in sr-mTBI (Meier et al. 
2015), which would preclude accurate correlations. While iron 
negatively correlates with cognitive symptoms in mTBI (Lu et al. 
2015), it is well documented that subjective assessments of injury 
severity do not reliably reflect objective brain injury or recov-
ery status (McCrea et al. 2017) and cognitive/clinical symptoms 
do not align with neuroimaging findings (Shenton et al. 2012). 
However, the use of an intervoxel thresholding approach applied 
to traditional QSM maps may still be insensitive to the more 
subtle changes in tissue composition, which are better estimated 
using contemporary susceptibility source separation techniques 
(see, for example, Emmerich et al. 2021 and Shin et al. 2021). 
Additionally, the lack of correlation between net positive or net 
negative susceptibilities and injury latency suggests that acute 
neuropathology may persist into the subacute and chronic stages, 
necessitating further research to elucidate the time course of 
secondary injury in sr-mTBI. 

Implications 
The role of iron in acute responses following cytotrauma, as 
well as its colocalization with, and involvement in, misfolded 
proteins in neurodegenerative diseases, including CTE, identifies 
it as a potential marker of early degenerative processes (Bouras 
et al. 1997; Zecca et al. 2004). Interestingly, the temporal lobe 
and hippocampus are primary loci of atrophy and tau deposition 
in CTE (Murray et al. 2022; McKee et al. 2023), and iron has 
been found in neurofibrillary tangles within these regions (Bouras 
et al. 1997). A pathognomonic CTE lesion is characterized by 
the presence of p-tau in the cortical sulcus and, while this is 
not restricted to the subpial regions, supportive features of CTE 
include the presence of neurofibrillary tangles in superficial corti-
cal layers (II/III), primarily in the temporal lobe (Bieniek et al. 2021; 
McKee et al. 2023). This laminar predilection is not seen in other 
tauopathies, like AD, where tau phosphorylation generally occurs 
in deeper layers (V/VI) (Pearson et al. 1985). Notwithstanding the 
short-term effects of iron overload, which have been linked to 
secondary injury in mTBI (Nisenbaum et al. 2014; Huang et al. 
2021), the association between iron-mediated oxidative stress and 
hyperphosphorylation of tau (Yamamoto et al. 2002) coupled with 
the similarity of iron distributions observed in this study to hall-
mark distributions of tauopathy and degeneration in CTE raises 
important questions about the disease path from acute injury 
to eventual tissue degeneration. The precise mechanisms under-
lying CTE remain an active area of research, but these findings 
allude to the potential involvement of acute iron dyshomeostasis 
in degenerative cascades, warranting further investigation. Until 
such a time, any parallels drawn between the pattern of iron 
distribution in this study and the features of CTE tauopathy can, 
at this stage, only be speculative. 

Here, follow-up investigations will be of paramount impor-
tance. A better understanding of iron and other neurobiological 
correlates, such as myelin damage or protein aggregation, may
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be essential for developing effective care and targeted treatments 
at the acute stage of mTBI, which could protect against adverse 
consequences later in life. Recent research has explored the pos-
sibility of using heavy metal chelation as a therapeutic target 
for iron in AD (Mazur et al. 2024) and  TBI (Daglas and Adlard 
2018). In AD, this approach has had limited success, perhaps 
due to the accumulation of iron over a long time course; once 
iron overload becomes apparent, cell death has already occurred 
(Levi et al. 2024). However, mechanisms of acute injury-related 
iron overload may be distinct from long-term aggregation. Murine 
models using iron chelators such as deferoxamine (Panter et al. 
1992; Long et al. 1996; Zhao et al. 2014; Jia et al. 2023) and  N,N-
Di(2-hydroxybenzyl)ethylenediamine-N,N-diacetic acid monohy-
drochloride (HBED) (Khalaf et al. 2019) have shown promise in 
reducing TBI symptomatology, likely through inhibition of ferrop-
tosis and reductions in neuroinflammation, ROS, and gliosis. More 
research is needed to understand efficacy in humans, but this 
remains a possible avenue for limiting the effects of acute iron 
dyshomeostasis, which may contribute to degenerative effects 
evident in later life. 

Limitations and future research 
While QSM offers valuable insights into iron content and distribu-
tion, at lower field strengths (i.e., 3T), voxel resolution is restricted 
and does not reflect specific architectonics of cortical tissue. 
Cortical column analyses were thus constrained to investigations 
of depth rather than susceptibility distribution specific to cortical 
laminae. Future research could benefit from applying cortical 
column analysis to images with higher resolutions, for example, 
those collected on high field scanners, or by pushing images 
to sub-1 mm resolutions insofar as signal-to-noise ratios and 
acquisition times correspondent to increased participant burden 
are not overly compromised (for a comparison of data acquired 
at 3T and 7T, see Straub et al. 2019). The present study utilized a 
single-echo QSM sequence, limiting thresholding of susceptibility 
sources to a more rudimentary “between” (versus “within”) voxels 
approach. It should be noted that this approach can introduce 
ambiguity regarding the interpretation of the underlying biolog-
ical substrates. For instance, if a voxel exhibits a net negative sus-
ceptibility (indicating diamagnetic dominance), a reduction in the 
magnitude of this negativity could result either from a loss of dia-
magnetic material (such as myelin) or from an increase in para-
magnetic material (such as iron deposition) that is insufficient to 
shift the net value to positive but would nonetheless contribute 
to an overall increase in positive susceptibility when analyzed 
as part of a raw, continuous map. To address this limitation, we 
suggest that future studies use multi-echo sequences to enable 
magnetic source separation “within” individual voxels (Chen et al. 
2021; Emmerich et al. 2021; Shin et al. 2021; Ahmed et al. 2023; 
Li et al. 2023; Lee et al. 2024), thereby enhancing the biological 
interpretation of the findings and ensuring better alignment with 
guidelines for best-practice data acquisition (Bilgic et al. 2023). 

Incorporating complementary modalities, such as positron 
emission tomography, would provide a more comprehensive 
understanding of cellular metabolism and neurobiological 
processes, potentially linking these to the observed mTBI-related 
differences and enabling more biologically informed inferences. 
Inclusion of protein assays, such as blood-based biomarkers, 
would also aid in creating a more comprehensive picture of 
the biological consequences of sr-mTBI. A range of potential 
confounds were not controlled for in this study including prior 
injuries, genetic predispositions, and environmental influences, 
which may affect injury severity and presentation (Rosenbaum 

and Lipton 2012), and future research should consider including 
additional measures to control for these variables. Given that 
this study was conducted exclusively in a male cohort that 
captures data from adolescence and early adulthood (i.e., ages 
16 to 32), the generalizability of the findings to older or younger 
athletes and females may be limited. Sex differences in injury 
effects are reportedly influenced by a range of factors, including 
hormonal variations (Wunderle et al. 2014), the use of oral 
contraceptives (Gallagher et al. 2018), and differences in neck 
musculature (Tierney et al. 2005). Future research should extend 
investigations to female athletes and consider comparisons by 
sex. Future studies should also aim to include a broader age 
spectrum to further explore the interaction between age and 
susceptibility in mTBI. Here, it should be noted that age-related 
regional cortical iron accumulation is generally most pronounced 
up until the third decade of life (Hallgren and Sourander 1958) 
and research using cohorts with a broader age range should 
incorporate statistical modeling that accounts for differential 
iron deposition with age. Finally, given the limitations of inferring 
long-term consequences of sr-mTBI from data collected at 
the acute stage, future research should prioritize longitudinal 
studies tracking athletes over time. This prospective approach 
would yield more precise information compared to retrospective 
studies, providing valuable insights into the relationships between 
the number of mTBIs sustained, iron accumulation, recovery 
trajectories, and long-term outcomes. In lieu of longitudinal 
research, planned upcoming studies will utilize comparison of 
individual z-scores relative to healthy population norms to better 
clarify the prevalence of adverse outcomes following sr-mTBI. 
This approach will aim to enhance our understanding of the 
impact of sr-mTBI at the individual level, which may be obscured 
by group-level analyses (Bedggood et al. 2024; Domínguez et al. 
2024). 

Conclusions 
To better characterize the mechanisms of mild traumatic brain 
injury at the acute stage, we conducted the first QSM study to 
assess depth- and curvature-specific regional patterns of posi-
tive (iron-related) and negative (myelin-, calcium-, and protein-
related) magnetic susceptibility in the cerebral cortex following 
injury. We observed concurrent instances of increased positive 
susceptibility with decreased negative susceptibility in discrete 
voxel populations within the parahippocampal gyrus, indicating a 
possible accumulation of iron concomitant with myelin changes 
after injury. This distribution pattern was observed in the super-
ficial depths of the sulcus, suggesting perivascular trauma due 
to mechanical forces. The pattern appeared distinct from age-
related differences in positive and negative susceptibility and 
was reminiscent of supporting features of tau pathology in CTE, 
which is known to colocalize with iron. These results support a 
complex, dual-pathology model of trauma after mild head injury 
and have implications for understanding microstructural brain 
tissue damage following mTBI. 
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Mild traumatic brain injury increases cortical 
iron: evidence from individual susceptibility 
mapping

Christi A. Essex,1 Devon K. Overson,2 Jenna L. Merenstein,2 Trong-Kha Truong,2

David J. Madden,2 Mayan J. Bedggood,1 Catherine Morgan,3,4,5 Helen C. Murray,5

Samantha J. Holdsworth,5,6,7 Ashley W. Stewart,8 Richard L. M. Faull,5 Patria Hume,9

Alice Theadom1 and Mangor Pedersen1

Quantitative susceptibility mapping has been applied to map brain iron distribution after mild traumatic brain injury to understand 
properties of neural tissue which may be related to cellular dyshomeostasis. However, this is a heterogeneous injury associated with 
microstructural brain changes, and ‘traditional’ group-wise statistical approaches may lead to a loss of clinically relevant information, 
as subtle alterations at the individual level can be obscured by averages and confounded by within-group variability. More precise and 
individualized approaches are needed to characterize mild traumatic brain injury better and elucidate potential cellular mechanisms to 
improve intervention and rehabilitation. To address this issue, we use quantitative MRI to build individualized profiles of regional 
positive (iron-related) magnetic susceptibility across 34 bilateral cortical ROIs following mild traumatic brain injury. Healthy popu
lation templates were constructed for each cortical area using standardized Z-scores derived from 25 age-matched male controls aged 
between 16 and 32 years (M = 21.10, SD = 4.35), serving as a reference against which Z-scores of 35 males with acute (<14 days) 
sports-related mild traumatic brain injury were compared [M = 21.60 years (range: 16–33), SD = 4.98]. Secondary analyses sensitive 
to cortical depth and curvature were also generated to approximate the location of iron accumulation in the cortical laminae and the 
effect of gyrification. Primary analyses indicated that approximately one-third (11/35; 31%) of injured participants exhibited elevated 
positive susceptibility indicative of abnormal iron profiles relative to the healthy population, a finding that was mainly concentrated in 
regions within the temporal lobe. Injury severity was significantly higher (P = 0.02) for these participants than their iron-normal coun
terparts, suggesting a link between injury severity, symptom burden, and elevated cortical iron. Secondary exploratory analyses of 
cortical depth and curvature profiles revealed abnormal iron accumulation in 83% (29/35) of mild traumatic brain injury participants, 
enabling better localization of injury-related changes in iron content to specific loci within each region and identifying effects that may 
be more subtle and lost in region-wise averaging. Our findings suggest that individualized approaches can further elucidate the clinical 
relevance of iron in mild head injury. Differences in injury severity between iron-normal and iron-abnormal mild traumatic brain in
jury participants identified in our primary analysis highlight not only why precise investigation is required to understand the link be
tween objective changes in the brain and subjective symptomatology, but also identify iron as a candidate biomarker for tissue 
pathology after mild traumatic brain injury.
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Graphical Abstract

Introduction
Exposure to mild traumatic brain injury (mTBI) is a signifi
cant public and personal health concern, accounting for 
∼90% of the 50–60 million annual cases of traumatic brain 
injury (TBI) worldwide.1 Global financial losses related to 
TBI are estimated at ∼USD $400 billion per year,1,2 how
ever, beyond the economic impacts mTBI can increase 
the risk of neurodegeneration, dementia3,4 and premature 

death.5 In the short term, mTBI can result in a range of symp
toms with significant inter-individual variability, including 
cognitive, emotional and physiological disturbances such 
as sleep disruption, light sensitivity, fatigue, headaches, 
vertigo, vestibular problems, depression and anxiety, which 
significantly impact quality of life and participation in 
day-to-day activities for many.4 In some cases, these 
symptoms can persist up to three decades post-injury.6,7

Numerous factors contribute to differences in injury severity, 
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symptom burden, in vivo brain tissue pathology and even 
autopsy findings. These include individual differences prior 
to injury such as genetic predispositions, age, gender, IQ, 
psychiatric history, prior mTBI exposure and substance use 
history, as well as differences in the mechanisms and loci 
of injury.8 In sports-related mTBI (sr-mTBI), for example, 
variability in the sport and even player position can affect in
jury severity, lead to diverse effects on brain structure and 
function, and divergence in symptom burden and cluster.8

The heterogeneity of mTBI is apparent at even the cellular 
level. The rapid changes in inertia (acceleration/deceleration/ 
rotation) or exogenous skull impact associated with mTBI 
cause the transmission of mechanical forces to the brain, re
sulting in a mechanistically specific primary insult and 
microstructural tissue damage.8,9 This initiates a variable 
cascade of secondary cellular processes, including disruption 
of the blood–brain barrier (BBB), cerebrovascular dysfunc
tion, oxidative stress, axonal degeneration and neuroinflam
mation9,10 which can propagate for months after the initial 
impact.11 However, the pathophysiology of mTBI remains 
poorly understood, and specific biomarkers indicative of 
mTBI remain, to date, elusive. Unlike moderate-to-severe 
TBI (ms-TBI), where lesions, haemorrhages or macroscopic 
morphological abnormalities can be detected, routine MRI 
methods are often insensitive to mTBI-related neuropathol
ogy.12,13 This limitation necessitates the use of advanced 
MRI techniques not typically employed in conventional 
medical settings to identify the subtle changes in brain struc
ture characteristic of this ‘mild’ injury.14,15 Integrating these 
advanced imaging modalities into routine patient care re
quires further validation and the establishment of clinically 
and individually relevant biomarkers for mTBI diagnosis 
and treatment.

Iron accumulation is increasingly recognized as a compo
nent of neuropathology following mTBI, contributing 
not only to acute-phase secondary injury and later cell 
death,9 but also cognitive dysfunction after mTBI.16,17

Quantitative susceptibility mapping (QSM) is an advanced 
MRI technique that can be used to estimate the magnetic sus
ceptibility of tissue, such as paramagnetism exhibited by iron 
in response to an applied magnetic field.18-23 Non-heme iron 
(particularly ferritin-bound iron), is the main source of para
magnetism on QSM18,24-26 and widely recognized as the 
form of iron most involved in secondary injury after 
mTBI.9,27,28 Iron dyshomeostasis can trigger auto-toxic cir
cuits that drive neurodegenerative processes,29 including 
the generation of reactive oxygen species, which at high le
vels can lead to cytotoxic oxidative stress,30 lipid damage 
and increased permeability of the cell membrane,9 as well 
as iron-regulated cell death (ferroptosis).31 As such, elevated 
levels of iron in cortical regions would suggest localization of 
injury-related pathological processes and changes in brain 
structure. These changes may be related, but not limited to, 
mTBI-induced permeability of the BBB32 and neuroinflam
mation,33 both of which are known to be involved in iron ac
cumulation.9,30 Iron has also been implicated in the 
hyperphosphorylation of tau proteins (p-tau)28 observed in 

mTBI-related tauopathies; its co-localization with p-tau 
thus identifies it as a promising early indicator of 
neurodegeneration.34,35

A limited number of studies have employed QSM to inves
tigate the role of brain iron in microstructural tissue damage 
following mTBI, focusing mainly on subcortical nuclei or 
global grey and/or white matter (WM),36-44 with only a 
few studies including cortical regions of interest 
(ROIs)38,41 or investigating the relevance of cortical morph
ology.45 However, the diversity of mTBI effects may not be 
discernible at the group level, which currently constitutes 
the standard statistical approach. Individual-level investiga
tions of injury-specific effects may better characterize 
mTBI-related neuropathology, and are increasingly recog
nized as providing more biologically informative data than 
group-level studies, especially in clinical populations where 
targeted interventions are both useful and necessary,46 such 
as mTBI. Personalized profiles can be generated by leveraging 
Z-scores to compare the results of individual quantitative 
measures to the distribution of a healthy normative popula
tion. This approach allows for a clearer understanding of 
where the individual falls relative to normal ranges for se
lected metrics.47 Individual analytic approaches have been 
successfully applied in the context of mTBI using T2 relaxo
metry as a marker of neuroinflammation,48 and diffusion- 
weighted imaging (DWI) to investigate WM fibre tracts.49

Under the TBI umbrella more broadly, individual analyses 
have been applied to fixel-based analysis of diffusion MRI50

and diffusion tensor imaging (DTI)51 to investigate WM integ
rity, as well as structural connectomics,52 in ms-TBI. One 
study has used QSM to generate individualized profiles of 
iron deposition in ms-TBI,47 however, dedicated personalized 
investigations of iron deposition at the individual level follow
ing mild TBI are, to the authors knowledge, lacking.

To address these research gaps, we conducted the first dedi
cated individual-level investigation of iron-related mTBI ef
fects. This study aimed to: (i) generate individual profiles of 
cortical iron deposition following sr-mTBI, and; (ii) extend 
these findings by deriving profiles sensitive to cortical architec
tonics (depth and curvature) as a supplemental, secondary ap
proach. Our prior research suggests that elevated magnetic 
susceptibility should be most evident in ROIs in the temporal 
lobe.45 However, given the preliminary and exploratory na
ture of this study, we did not have specific a priori hypotheses 
about the direction of effects in all cortical regions.

Materials and methods
Ethical approval for this research was obtained from the 
Health and Disabilities Ethics Committee (HDEC) (Date: 
18/02/2022, Reference: 2022 EXP 11078) and institutional 
approval was also obtained from the Auckland University 
of Technology Ethics Committee (AUTEC) (Date: 18/02/ 
2022, Reference: 22/12). In accordance with the 
Declaration of Helsinki, all participants provided written in
formed consent prior to data collection.
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Participants
Thirty-five male contact sports players [M = 21.60 years 
(range: 16–33), SD = 4.98] with acute sr-mTBI [sustained 
within 14 days of MRI scanning (M = 10.40 days, SD =  
3.01)] and 25 age-matched male controls [M = 21.10 years 
(range: 16–32), SD = 4.35] were recruited for this observa
tional study (see Table 1). To mitigate potential age-related 
confounds, we ensured that ages were not significantly differ
ent between groups [t(58) = −0.44, P = 0.66]. Clinical 
(sr-mTBI) participants were recruited through three Axis 
Sports Medicine Clinics (Auckland, New Zealand), via print 
and social media advertisements, word-of-mouth and 
through community-based referrals from healthcare profes
sionals and sports team management. Each clinical partici
pant was required to have a confirmed sr-mTBI diagnosis 
by a licensed physician as a prerequisite for study inclusion, 
and symptom severity was assessed using the Brain Injury 
Screening Tool (BIST)53 either upon presentation to Axis 
Clinics or electronically following recruitment. Healthy con
trols (HC) were recruited through print and social media ad
vertisements, and word-of-mouth. Exclusion criteria for all 
the participants included a history of significant medical or 
neurological conditions unrelated to the study’s objectives 
and contraindications for MRI. Additionally, controls were 
excluded if they had any recent history of mTBI events (<12 
months) or were living with any long-term effects of previous 
mTBI. All participants completed a brief demographic ques
tionnaire and attended a 1-h MRI scan at The Centre for 
Advanced MRI (CAMRI), Auckland, New Zealand. All scans 
were reviewed by a certified neuroradiologist consultant for 
clinically significant findings. No findings from MRI in either 
group were considered clinically significant (see Table 1).

Neuroimaging
Details on image acquisition and processing have been previ
ously reported,45 and are summarized here for brevity.

Acquisition
MRI data were acquired on a 3T Siemens MAGNETOM Vida 
Fit scanner (Siemens Healthcare, Erlangen, Germany) 
equipped with a 20-channel head coil. A 3D flow-compensated 
Gradient Echo sequence was used to obtain magnitude and un
filtered phase images for QSM reconstruction. Data were col
lected at 1 mm isotropic voxel size with matrix size = 180 ×  
224 × 160 mm, Repetition Time (TR) = 30 ms; Echo Time 
(TE) = 20 ms; Flip Angle (FA) = 15°; Field of View (FoV) =  
180 mm (Left-Right)×224 mm (Anterior-Posterior), in a total 
acquisition time of ∼3.43 min. For each participant, a high- 
resolution 3D T1-weighted (T1w) anatomical image volume 
was acquired for coregistration and parcellation using a 
Magnetization-Prepared Rapid Acquisition Gradient Echo 
(MPRAGE) sequence (TR = 1940.0 ms; TE = 2.49 ms, FA =  
9°; slice thickness = 0.9 mm; FoV = 230 mm; matrix size =  
192 × 512 × 512 mm; GRAPPA = 2; voxel size 0.45 × 0.45 ×  
0.90 mm) for a total acquisition time of ∼4.31 min. Digital 

Imaging and Communications in Medicine files were con
verted to Neuroimaging Informatics Technology Initiative 
(NIfTI) files and transformed to brain imaging data structure54

for further processing using Dcm2Bids55 version 3.1.1, which 
is a wrapper for dcm2niix56 (v1.0.20230411).

Image processing
Bias field-corrected57,58 T1w images were processed in 
FreeSurfer59 to: (i) delineate pial and grey matter/WM (GM/ 
WM) boundary meshes and (ii) generate estimates of cortical 
thickness and curvature for each vertex.60 QSM images were 
reconstructed using a rapid open-source minimum spanning 
tree algorithm (ROMEO),61 background field removal with 
projection onto dipole fields62 and sparsity-based rapid two- 
step dipole inversion63; a pipeline congruent with recent 
consensus statement recommendations for best-practice QSM 
reconstruction.64 Whilst the optimal reference region for sus
ceptibility estimation remains debated,65 recent consensus 
guidelines recommend quantifying QSM relative to a specific 
reference structure.64 To comply with these guidelines and en
sure stability and reproducibility, QSM was referenced to 
whole-brain susceptibility as smaller regions can be more vul
nerable to artefacts, distortions and inhomogeneities, affecting 
the final brain map.64 All QSM reconstruction was carried out 
via QSM×T66 v6.4.2 (https://qsmxt.github.io/QSMxT/) and 
used a robust two-pass combination method for artefact 
reduction.67

Subsequent processing was performed using the Functional 
Neuroimaging Research Group (FMRIB) Software 
Library.68-70 For each subject, the raw magnitude image was 
skull-stripped71 and binarised. These binary masks were 
used to erode non-brain signal around the brain perimeter 
using fslmaths. Magnitude images were linearly coregistered 
to the T1w image using FMRIB’s Linear Transformation 
Tool (FLIRT)72-74 with 12 degrees of freedom (DoF). Due to 
variability in acquisition type, field-of-view and matrix size be
tween subjects’ QSM and T1w images, the 12 DoF linear regis
trations provided more accurate alignment compared to the six 
DoF alternative, allowing for better compensation of non-rigid 
anatomical variations upon visual inspection. The resulting 
transformation matrix was used for spatial normalization of 
the QSM images to T1w space. In line with prior research,60

QSM maps were thresholded into separate inter-voxel sign 
(positive and negative) maps with fslmaths. Traditional 
QSM maps represent average intra-voxel susceptibility va
lues,75 which may obscure individual susceptibility sources. 
Further confounding effects may be introduced via inter-voxel 
averaging during analysis. This thresholding approach may 
help address the latter limitation by isolating voxels containing 
predominantly paramagnetic substrates, such as iron, which 
could enable more targeted analyses of susceptibility sources. 
Only positive sign maps were used in analyses to target cortical 
iron distribution.

Cortical column generation
To generate cortical columns and sample positive susceptibility 
values, we adapted a pipeline previously applied to DWI76 and 
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QSM45,60 for depth- and curvature-specific cortical analysis. 
First, the T1w FreeSurfer59 recon served as an input into 
the easy_lausanne tool (https://github.com/mattcieslak/easy_ 
lausanne.git), based on the open-source Connectome 
Mapper,77 to separate the cortex into 34 ROIs per hemisphere 
according to the Lausanne multi-scale atlas (equivalent to the 
Desikan-Killiany atlas78 native to FreeSurfer).59

Depth

Cortical columns were created for each hemisphere in T1w 
space with write_mrtrix_tracks79 in MATLAB (version 
R2024a), which was used to connect vertex pairs between 
pial and GM/WM boundary surface meshes. Each cortical 
column was segmented into six equidistant depths extending 
from the pial surface to the GM/WM boundary using 

Table 1 Summary of sr-mTBI participant clinical characteristics

ID Age DSI BIST MOI MRI findings

mTBI-01 <20 5 140 Rugby None
mTBI-02 <20 5 12 Rugby None
mTBI-03 20s 6 78 Rugby None
mTBI-04 <20 13 18 Rugby Small fluid signal spaces in R peritrigonal WM—normal. R caudate cleft along 

ventricular surface—possibly developmental or from old ischaemic insult
mTBI-05 20s 13 42 Football None
mTBI-06 20s 13 13 Hockey Minor artifactual T1 signal in pons
mTBI-07 20s 12 6 Rugby None
mTBI-08 20s 6 56 Rugby Minor R orbital fracture (old)
mTBI-09 <20 12 54 Rugby None
mTBI-10 20s 10 52 Rugby None
mTBI-11 30s 13 13 Football None
mTBI-12 <20 5 79 Rugby None
mTBI-13 20s 13 2 Rugby Small focus of susceptibility in L superior frontal gyrus possibly vascular or nonspecific 

haemosiderin
mTBI-14 <20 13 22 Rugby None
mTBI-15 <20 8 117 Futsal Tiny cleft of fluid signal in R cingulate gyrus—minor developmental anomaly or mature 

gliosis
mTBI-16 20s 13 a Rugby None
mTBI-17 20s 10 34 Gymnastics None
mTBI-18 20s 13 28 Jiu-jitsu Some artifactual DWI signal in pons
mTBI-19 20s 11 69 Surfing Tiny susceptibility site in R temporal lobe—may be vascular
mTBI-20 <20 7 14 Rugby Minor susceptibility in transverse sulcus in R mid temporal lobe—nonspecific, may be 

vascular or reflect haemosiderin deposition from prior small volume haemorrhage
mTBI-21 20s 14 47 Rugby None
mTBI-22 <20 12 28 Football None
mTBI-23 <20 13 39 Judo None
mTBI-24 <20 9 34 Rugby None
mTBI-25 <20 12 68 Rugby None
mTBI-26 20s 12 17 Rugby 7 mm pineal cyst—normal limits. Some T1 hyperintensity in R cerebellum—artifact 

compatible
mTBI-27 <20 12 12 Rugby None
mTBI-28 20s 12 25 Rugby Mildly prominent cisterna magna
mTBI-29 30s 7 30 Football A few mildly prominent biparietal and L cerebral peduncle perivascular spaces— 

normal variant
mTBI-30 30s 12 51 Swimming None
mTBI-31 20s 5 6 Rugby None
mTBI-32 <20 12 2 Rugby Some DWI signal disturbance anterior to pons—likely artifactual
mTBI-33 <20 14 22 Rugby 2–3 tiny foci of susceptibility in R frontal lobe—nonspecific, possible site of prior 

microhaemorrhage. A punctate focus of T1 hypointensity/T2 hyperintensity 
superolateral to the frontal horn of R lateral ventricle

mTBI-34 20s 8 58 Football Bifrontal developmental venous anomaly noted—normal variants
mTBI-35 <20 8 8 Rugby Minuscule foci of susceptibility in R cerebellar hemisphere/posterior to R aspect of 

the splenium of CC—non-specific. Minor susceptibility in R sylvian fissure— 
vascular

Mean 
mTBI

21.60 (4.98) 
years of age

10.4 (3.01) 
DSI

38.1 (32.0)/ 
160 BIST

No findings considered clinically relevant

Mean HC 21.10 (4.35) 
years of age

No findings considered clinically relevant

Diagnostic assessment is limited to the volume T1, SWI and DWI sequences with only limited interpretation of the multi-echo T2 stack. Clinical assessments are relevant to the 
identification of micro-haemorrhages, areas of siderosis, T1 appearance, gliosis, volume, ventricular volumes and non-neurological findings. The possible range of BIST scores is 0 (min)– 
160 (max). Clinical group data correspond to the date of MRI only, except for BIST scores acquired >24 h post-injury and prior to MRI (<14 days post). ID, unique identifier; DSI, days 
since injury; BIST, Brain Injury Screening Tool; MOI, mechanism of injury; WM, white matter; CC, corpus callosum; DWI, diffusion-weighted imaging; L, left; R, right. aMissing data (BIST 
incomplete on the Axis Sport Medicine Clinic patient portal, reason unknown).
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MRtrix3 tckresample.79 This approach differs from previous 
studies using a 21-depth approach.45,60,76 Here, we used six 
depths to decrease the number of depth-wise comparisons, 
and to better approximate the structure of the intracortical 
layers.80,81 It should be noted that these depths represent 
equidistant segmentations rather than specific cellular 
laminae (layers I–VI) of the cortex, differing from 
ultra-high-field investigations of cortical cyto- and 
myelo-architecture. Results described here are related to 
cortical depth, rather than layer.

Curvature

The columns were also categorized based on cortical curva
ture, derived from FreeSurfer’s59 Gaussian curvature values 
at each GM/WM boundary vertex82 and quantified in units 
of 1/mm2. The categories included the gyral crown (curva
ture values: −0.6 to −0.1), sulcal bank (−0.1 to 0.1), sulcal 
fundus (0.1–0.6), or whole ROI (−0.6 to 0.6).60 Positive 
curvature values indicated sulci, while negative values indi
cated gyri, with higher values corresponding to deeper curva
tures.60 Only columns ranging from 0.5 to 6 mm in length 
were included in the analysis to capture plausible cortical 
morphology.83 Depth was measured in percentage of cortical 
thickness rather than absolute metrics (millimetre) to miti
gate variability between the participants.

Personalized QSM profiles
We generated individual QSM profiles for each ROI at the 
bilateral level using MATLAB (2024a) (see Fig. 1 for visual
ization). Mean positive susceptibility values were extracted 
across the whole ROI (curvature and depth combined), as 
well as three curvature bins (gyral crown, sulcal bank and 
sulcal fundus) and six cortical depths independently for all 
34 ROIs. For the whole-ROI profiles, Z-scores were calcu
lated for all participants (HC and mTBI), by subtracting 
the HC group mean from each individual’s susceptibility va
lue and dividing by the HC group SD; a method commonly 
used in prior research.47,48,51,52 To bring the HC data closer 
to a normal distribution, outlier scores for the HC group 
were filtered47 if they fell outside two times the interquartile 
range (IQR); a more stringent criterion than methods used to 
identify mild outliers at 1.5 times the IQR, but less extreme 
than the more conservative filter of three times the IQR.84

As a result, data from N = 1 HC participants were excluded 
in three of the 34 ROIs, and data from N = 2 HC participants 
were excluded in one of the 34 ROIs. After filtering, the 
Shapiro–Wilk normality test yielded an average W-value of 
M = 0.96 (SD = 0.02) across Z-distributions for all ROIs, in
dicating that the data distribution within each ROI was close 
to normal. The final equation for deriving the whole-ROI 
Z-scores for individual mTBI participants was as follows:

ZmTBI = XmTBI − μHCnorm

σHCnorm
, 

where ZmTBI represents the ROI-wise Z-score for each mTBI 
participant; XmTBI is the ROI-wise mean QSM value for each 

mTBI participant; µHCnorm is the mean ROI-wise QSM value 
of the HC group after outlier filtering, and; σHCnorm is the 
ROI-wise SD of the HC group QSM values after filtering. 
This approach ensures that mTBI participants’ susceptibility 
values are directly comparable to the healthy range reflecting 
a normalized distribution. The same process was repeated 
for each depth at each curvature bin, however, the IQR filter 
was omitted due to the number of comparison points.

Statistical analysis
To assess statistical significance for whole-ROI mTBI 
Z-scores, two-tailed P-values were calculated from the 
Z-scores using the cumulative distribution function of the 
standard normal distribution. A false discovery rate (FDR) 
correction85 was applied to the P-values for 34 ROI-wise 
comparisons.

To conduct exploratory statistical tests, we divided the 
mTBI group into two subgroups: those whose Z-scores sig
nificantly deviated from HC norms (i.e. iron-abnormal) 
and those whose scores did not (i.e. iron-normal) as identi
fied via primary and secondary analyses, respectively. 
Although there was no statistically significant difference in 
age between mTBI participants and controls, we performed 
an ANOVA for the new groupings to confirm that age was 
not driving the results. Additionally, we used nonparametric 
Mann–Whitney U-tests to assess whether injury severity 
(BIST53 scores) differed significantly between iron-abnormal 
and iron-normal mTBI participants, excluding mTBI-16 for 
these analyses only due to missing injury severity data.

Results
Regional individualized cortical iron 
profiles
We calculated personalized profiles of iron-related differ
ences in positive susceptibility across 34 cortical ROIs for 
each mTBI participant, to understand the effects of mild 
brain trauma at the individual level. Of the 35 mTBI partici
pants, 11 (31%) exhibited significantly elevated positive sus
ceptibility for at least one ROI relative to the HC population 
template (see Table 2), likely indicating elevated iron. No 
clinical participants’ Z-scores were significantly lower than 
the HC population.

In these 11 clinical participants, injury-related elevated 
susceptibility was evident across all cortical lobes, however, 
these were predominantly localized to either a single lobe 
(45%) or two lobes (45%). Only one participant (9%) ex
hibited widespread, multi-focal abnormalities across the cor
tex (see Table 2 and Fig. 2). Notably, a high density of 
affected ROIs was observed in the temporal lobe for 82% 
(9 out of 11) of participants with abnormal iron profiles 
(see Table 2). In contrast, 45% (5/11) had abnormal iron 
in occipital ROIs, 27% (3/11) in frontal ROIs, 18% (2/11) 

6 | BRAIN COMMUNICATIONS 2025, fcaf110                                                                                                                   C. A. Essex et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/7/2/fcaf110/8071391 by guest on 06 April 2025



in the insula or cingulate and only one participant (9%) had 
an abnormal profile inclusive of parietal ROIs.

After subdividing the mTBI participants into iron-normal 
(24/35; 69%) and iron-abnormal (11/35; 31%) based on 
their individual ROI-wise profiles, a one-way ANOVA 
showed no significant effect of age between these groups 
and controls, F(2, 26) = 2.0, P = 0.2. The Mann–Whitney 
U-test revealed that injury severity (BIST53) scores were 
significantly worse for the iron-abnormal mTBI group 
(M = 59.6, SD = 40.5) than the iron-normal mTBI group 
(M = 29.2, SD = 23.3), U = 57, P = 0.02 (see Fig. 3).

Symptoms and cortical iron-related 
markers
To provide a descriptive overview of cortical iron profiles 
and corresponding symptomatology (see Table 2), we note 
observational relationships between abnormalities in the lin
gual gyrus (four participants) and cephalalgia, photophobia, 
cognitive impairment (including confusion), concentration 
issues, memory deficits and sleep disturbances. The middle 
temporal region (three participants) appeared to be linked 
to a broader symptom profile, including cognitive impair
ment (with confusion), concentration issues, memory defi
cits, fatigue, sleep disturbances, cephalalgia, phonophobia, 
photophobia, vertigo, ataxia and visual disturbances. 
Although other ROIs were less commonly affected (less 
than or equal to two participants), some descriptive infer
ences include the involvement of the superior temporal re
gion [including the superior temporal sulcus (STS) and its 

bank] with cognitive impairment, headaches, photophobia, 
phonophobia, vestibular dysfunction, memory deficits, con
centration issues, fatigue, sleep disturbances, and in one par
ticipant, severe tinnitus and irritability.

Secondary depth- and 
curvature-specific iron profiles
Secondary exploratory analyses sensitive to six cortical 
depths and three curvatures further highlighted the hetero
geneity of iron deposition in mTBI. Only 17% (6/35) of par
ticipants retained normal iron profiles; the remaining 83% 
(29/35) showed elevated susceptibility in at least one ROI, 
for at least one depth and for at least one curvature. 
Isolated instances of negative Z-scores (indicating lower 
iron compared to HC) were observed in 7 of the 29 partici
pants but were typically limited to a single ROI/depth com
bination. Overall, abnormal iron accumulation was most 
pronounced in the sulcal fundus, followed by the sulcal 
bank, and was least evident in the gyral crown. However, 
there was significant inter-individual variability in ROI/ 
curvature/depth combinations (see Fig. 4).

For the 11 participants who demonstrated increased iron 
in the whole-ROI analyses, a similar ROI-wise distribution 
of elevated iron was observed in depth- and curvature- 
specific analyses. For example, in the whole-ROI analysis 
mTBI-30 showed elevated susceptibility in the caudal 
mPFC, pars opercularis and superior frontal gyrus (see 
Table 2 and Fig. 2), which was localized to specific depths 
and curvatures in the secondary analyses. In addition, 

Figure 1 QSM post-processing and generation of individual iron profiles. Steps are performed after QSM image reconstruction using 
QSM×T. QSM images were thresholded to create a positive sign map, and mean susceptibility values were extracted for each ROI, as well as for 
each cortical depth (1–6) and curvature (crown, bank, and fundus). Z-scores were calculated using the mean and SD of the HC group, and 
standardized around a mean of zero. The HC distribution was then filtered to remove outliers exceeding two times IQR, normalizing the 
distribution. Individual profiles for mTBI participants were constructed by comparing each participant’s Z-scores to the healthy normal 
distribution, while controlling for multiple comparisons across the 34 cortical ROIs. Abbreviations are as follows: QSM, quantitative susceptibility 
mapping; ROI, region of interest; HC, healthy control; IQR, interquartile range.
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regions that did not appear in the initial analyses, including 
the insula, lateral occipital cortex (LOC), pars triangularis, 
posterior cingulate, precentral and superior parietal areas, 
exhibited elevated iron scores in depth- and curvature- 
specific analyses (see Fig. 4). Conversely, mTBI-25 exempli
fies a case where no abnormal iron profile was detected in the 
whole-ROI analysis but became evident in the analyses sen
sitive to anatomical morphology (see Fig. 4).

After grouping mTBI participants by iron status based on 
secondary depth- and curvature-specific results, a Mann– 
Whitney U-test revealed no significant difference in BIST scores 
between iron-abnormal (M = 40.6, SD = 33.5) and iron- 
normal (M = 26.3, SD = 22.4) mTBI participants, U = 63, 
P = 0.35. An ANOVA showed no significant difference in age 
between these groups and controls, F(2, 15) = 1.11, P = 0.36.

Discussion
Previous studies using QSM to examine the role of brain iron 
following mTBI have primarily focused on subcortical brain 
areas or global grey and/or WM.36-44 Only three investiga
tions have included cortical ROIs and, of these, only our pre
vious work45 accounted for anatomical variations in cortical 
depth and curvature. However, these studies relied on group- 

level statistical analyses, which can obscure individual brain 
changes due to the subtle nature of cell damage associated 
with mTBI. This approach may limit our understanding of 
this heterogeneous injury, hindering the implementation of 
individualized rehabilitation strategies and treatments. We 
believe, therefore, that research incorporating comparisons 
of individual clinical participant data to healthy normative 
ranges can play a key role in informing targeted neural and 
pharmacological interventions. We conducted the first inves
tigation of individual differences in cortical magnetic suscep
tibility after sr-mTBI across 34 cortical ROIs, using a healthy 
population template as a reference. Secondary exploratory 
analyses sensitive to cortical depth and curvature were in
cluded to better characterize injury profiles for each 
participant.

Our findings revealed that a substantial subset of indivi
duals with mTBI exhibit elevated levels of cortical magnetic 
susceptibility, indicating injury-related iron accumulation. 
Our primary investigation evidenced abnormal iron profiles 
in just under one-third (31%; 11/35) of participants relative 
to the HC population. Additionally, we found that mTBI 
participants with abnormal iron accumulation identified in 
primary ROI-wise analyses experienced more severe symp
toms. In these 11 iron-abnormal clinical participants, ele
vated iron profiles were predominantly focal to specific 

Figure 2 Individualized profiles of abnormal iron accumulation sites following mTBI. Visualization of the specific ROIs and lobes 
where mTBI participants’ (N = 1) Z-scores significantly deviate from the HC population (N = 25–23), highlighting the individualized profiles of iron 
accumulation following mTBI. The selected orientations (C, coronal; A, axial; S, sagittal) are for best visualization of each participants’ result. These 
maps have been threshold for positive susceptibility values (iron-related) and are expressed in parts per million (ppm) from 0.0 to +0.05. Z-scores 
and correspondent P-values (after FDR correction: pFDR) are detailed in Table 2.
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lobes or bi-focal (affecting two lobes). Only one participant 
exhibited multi-focal cortex-wide elevated Z-scores. The 
high density of affected temporal lobe ROIs indicates that, 
despite significant inter-subject variability, iron accumula
tion following mTBI is preferential to temporal regions. 
Taken together, our findings support an iron-related mech
anism of secondary injury that modulates symptom severity 
and may influence symptom presentation.

Iron dyshomeostasis in the basal nuclei is known to impair 
cognitive function after mTBI,16,17 however, little is known 
about the effect of ‘cortical’ iron aggregation on mTBI symp
tomatology or severity. In our previous work,45 we reported 
few correlations between regions of cortical iron accumula
tion and BIST53 scores, a measure of injury severity and 
dominant symptom cluster. This may be accounted for by 
variability in the accuracy of symptom reporting or purpose
ful underreporting of symptoms, a common phenomenon 
among sports players.86 However, group-level examinations 

may also obscure individual differences and inhibit the im
plementation of more targeted statistical approaches. By as
sessing the effect of mTBI at the individual level, we were 
able to facilitate precise between group analyses of injury se
verity that differentiated between iron-normal and 
iron-abnormal mTBI participants. Results from our primary 
analysis revealed a significantly higher symptom burden for 
participants with mTBI when their iron profiles were also 
abnormal.

The field generally lacks reliable correlations between sub
jective assessments of injury severity and objective measures 
of brain injury and recovery,87 as well as alignment between 
cognitive or clinical findings and neuroimaging results.88

Identifying reliable, objective markers of structural changes 
that are related to subjective self-reported symptoms is cru
cial because individual variations in brain injury location 
and severity can lead to disparate clinical presentations and 
recovery trajectories but may be missed in group-level ana
lyses.8 Although research indicates that most individuals re
cover well from mTBI, between 1511 and 30%8 of patients 
experience significant, and in some cases life-changing, long- 
term clinical sequelae. Understanding the underlying patho
physiological drivers of these poorer outcomes is essential 
for enabling precise, patient-specific clinical interventions. 
Our finding that 31% of participants exhibited abnormal 
iron profiles substantial enough to be detected in the primary 
ROI-wise analyses, which were linked to poorer outcomes, 
aligns with both evidence of structural brain changes de
tected with advanced MRI in up to 30% of mTBI cases,1

as well as evidence from individualized studies reporting a 
similar percentage (28%) of subacute-phase WM anomalies 
and associations with worse cognitive outcomes in ms-TBI.51

In addition, standardized susceptibility values in the basal 
nuclei are reported to correlate with mTBI symptom dur
ation, but only in a sub-group of participants with persistent 
symptomatology for at least a week.40 In keeping with these 
findings, our results reinforce the importance of individua
lized analyses in revealing not only associations between 
the extent of microstructural pathology and negative out
comes following mTBI, but for identifying at-risk cohorts. 
Here, the value of personalized approaches to understanding 
mTBI becomes strikingly apparent. Further longitudinal 
studies that track participants through recovery could help 
to determine whether elevated ROI-wise cortical iron levels 
are associated with prolonged recovery, persistent post- 
concussive symptoms, or adverse outcomes later in life. 
Such research may offer insights into why a subset of indivi
duals with mTBI fails to recover fully.

The promise of individualized assessments to identify bio
markers for mild brain injury is particularly salient given the 
current absence of objective markers for mTBI diagnosis. 
Diagnostic decisions are limited to subjective self-report 
and assessments of physiological function,13,87 as the hetero
geneity of mTBI complicates efforts to identify reliable bio
markers or imaging signatures that can be applied 
universally across patients. Whether cortical iron accumula
tion reflects inflammatory processes, BBB disruption,9

Figure 3 BIST scores by cortical iron status. A Mann– 
Whitney U-test revealed that injury severity scores were 
significantly higher for iron-abnormal (N = 10; M = 59.6, SD = 40.5) 
than iron-normal (N = 24; M = 29.2, SD = 23.3) mTBI participants, 
U = 57, P = 0.02. Median and mean scores are depicted alongside 
95% CI.
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ferroptosis,31,89 or other cytotoxic processes is beyond the 
scope of the current research. However, we posit that the sig
nificantly higher symptom burden (BIST53 score) observed in 
the iron-abnormal mTBI cohort, as identified via whole-ROI 
analyses, supports an iron-mediated mechanism of brain 
changes related to injury severity and functional impairment, 
and marks iron as a promising mTBI biomarker. Of particu
lar note, many of the symptoms observed in mTBI resemble 
those seen in other iron-mediated neurodegenerative pro
cesses, such as cognitive decline in normal aging,90 and the 
cognitive and motor dysfunctions characteristic of diseases 
like Alzheimer’s, Huntington’s, Parkinson’s and Friedrich’s 
ataxia, as well as multiple sclerosis, where iron dysregulation 
is a hallmark feature.9,91 Genetic disorders of iron overload, 
such as neuroferritinopathy, also present with cognitive and 
motor symptoms.92

The susceptibility of the temporal lobe to iron accumula
tion post-mTBI, evident in this and previous research,45

aligns with the memory impairments characteristic of 
mTBI.93 Individual-level data from our mTBI sample empha
sizes the link between high temporal iron accumulation and 
memory deficits, as exemplified by BIST53 scores related to 
memory (see Table 2). In addition, specific distributions of 
p-tau focal to temporal (and frontal) cortex are considered 
features of chronic traumatic encephalopathy (CTE),94,95

an mTBI-related neurodegenerative disorder. Of particular 

concern, co-localization of iron with p-tau in CTE has 
been highlighted in histological examinations.34 Whilst the 
precise relationship between iron overload and the down
stream hyperphosphorylation of tau proteins remains an ac
tive area of research, further exploration of the interplay 
between acute cortical iron elevation, symptom burden, tem
poral recovery dynamics and long-term brain health out
comes is warranted.

The diversity of mechanistic antecedents, pathological me
chanisms and clinical outcomes associated with mTBI re
flects the complex underlying pathophysiology.8 mTBI is 
not a uniform injury and structural indicators, such as those 
commonly observed in other forms of TBI, do not always 
correlate with clinical symptoms or outcomes.96 Here, we 
speculate that abnormal iron accumulation in specific cor
tical ROIs may be related to participant symptomatology. 
For instance, the STS plays a key role in social cognition, em
pathy, mentalising about others’ emotional states and ‘the
ory of mind.’97-99 Structural changes to this region may 
explain the severe irritability reported by mTBI-01 (see 
Table 2), along with complaints of severe tinnitus.100 As a 
hub for audiovisual integration,101 the superior temporal re
gion could also be involved in phonophobia (sound sensitiv
ity), visual disturbances and vestibular dysfunction102; 
symptoms experienced by both mTBI participants whose 
profiles indicated local iron elevation. Similarly, the lingual 

Figure 4 Cortical depth- and curvature-specific profiles of mTBI-related abnormal iron accumulation. Cortical depth- and 
curvature-specific iron profiles across five representative sr-mTBI participants. Inflated surfaces show each of the six cortical depths, from the pial 
surface (depth 1) to the GM/WM interface (depth 6). Regions of abnormal iron deposition are colour-coded according to cortical curvature. 
Colour intensity shows level of statistical significance (pFDR < 0.05). Regions with lower statistical significance that are harder to visually 
distinguish are indicated by arrows in the colour of the correspondent cortical curvature. Lateral (L) and medial (M) views are used to visualize the 
whole brain. Boundaries between ROIs are delineated using coloured lines. To derive Z-scores, individual (N = 1) mTBI participants’ data were 
compared to the HC normal distribution (N = 25), at each depth (N = 6), for each curvature (N = 3), within each ROI (N = 34). Full statistical 
results, including Z-scores and P-values (after FDR correction) are available in Supplementary Data 1. Abbreviations are as follows: pFDR = statistical 
significance (P-value) after FDR correction.
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gyrus is active during migraine episodes and responds to lu
minous stimuli, suggesting its involvement in photophobia, 
visual processing anomalies and cephalalgia (headache).103

These symptoms were observed in all clinical participants 
with iron aggregation in this region (see Table 2). Our find
ings allude to specific areas of cortical iron accumulation that 
show a relationship to clinical sequelae, suggesting that re
gions with higher iron burden may be evidence of micro
structural cell damage that disrupts normal function. Here, 
it should be noted that multiple cortical regions with abnor
mal iron markers were observed for most mTBI participants, 
making it challenging to delineate a one-to-one relationship 
between a specific ROI and symptoms reported. As such, fu
ture research should integrate functional MRI to improve the 
mapping of structural changes to deficits in functional con
nectivity and well-established brain networks that may over
lap with abnormalities in cortical grey matter regions. 
Without additional research, observations about regions of 
iron accumulation and symptom presentation are specula
tive and less convincing than case-matching between brain 
lesions in gross TBI and neurobehavioural symptom 
presentation.104

Depth- and curvature-specific iron 
accumulation
Secondary exploratory analyses revealed significant inter- 
individual heterogeneity in depth- and curvature-specific 
cortical iron accumulation. Although these subtle effects 
were not associated with injury severity, they provide evi
dence of widespread minor tissue alterations following 
mTBI. A consistent trend for iron deposition was observed 
in the sulci, with the highest concentration at the fundus, fol
lowed by the sulcal banks. This pattern may be attributed to 
the heightened vulnerability of the fundus to mTBI-related 
injury, which is susceptible to mechanical deformation due 
to the ‘water hammer effect,’ where CSF is forced into the 
depths of the sulci, causing local damage.105 Supporting 
this, previous research has demonstrated that mTBI increases 
cortical curvature in the sulcus,106 as well as widens the sulci 
and causes focal vascular injury and microhaemorrhages in 
the fundus, as evidenced by susceptibility-weighted im
aging.105 Conversely, in more severe TBI, contusions are of
ten concentrated at the gyri,93 suggesting that gyral iron 
accumulation in ‘mild’ TBI may represent a less severe ver
sion of this type of injury. An understanding of injury bio
mechanics may thus prove crucial to explaining variance in 
loci of neuropathological changes. Research shows that dif
ferent types of head impacts can result in varying brain defor
mations and injury patterns, with sulci being particularly 
vulnerable to mechanical strain, which is consistent with, 
and can be predicted by, patterns of tauopathy observed in 
neurodegenerative conditions.107 Personalized iron accumu
lation patterns may provide insight into the specific injury 
mechanisms and related cellular disruption experienced by 
each individual participant at the acute stage. Elucidating 
this link, as well as how this may be related to 

mTBI-induced neuropathology in later life, should be a focus 
for future research.

Histological studies, including Perl’s iron staining and 
ultra-high-field (7T) R2* mapping of tissue samples108

have localized iron deposition to specific cortical layers, 
reflecting distinct cyto- and myelo-architectural features 
with layer-specific distributions that show congruence with 
in vivo QSM.109 In healthy populations, iron concentrations 
typically increase from the pial surface towards the GM/WM 
boundary; deviations away from baselines for each layer 
suggest an injury-specific model of cortical cellular trauma. 
For instance, layer I primarily contains axons and dendrites, 
with the cell bodies in deeper layers110; iron accumulation in 
different layers may point to diverse pathologies affecting 
different parts of the cell. Depth-wise patterns may also 
be related to injury biomechanics: superficial iron accumula
tion may be a result of perivascular trauma, which is often 
linked to microhaemorrhages and microglial activation after 
mTBI,27,28,93 whereas deeper iron deposition may reflect 
more severe shear forces, which are known to cause signifi
cant damage near the GM/WM interface in mTBI.111 This 
is supported by computational modelling showing that shear 
forces are concentrated in this region,107 which is also a com
mon site of microbleeds.112 Tying this in with investigations 
of cortical curvature, these effects would likely be concen
trated at the sulcal fundus.105,107,113 However, evidence 
from TBI research supports contusions of the gyri that often 
follow a layer-specific pattern, with damage prominent at the 
superficial crest but extending through the cortical mantle to 
the GM/WM boundary in a ‘wedge’ of haemorrhage and 
necrotic tissue.93 Iron-dependent cell death, ferroptosis,31,89

could plausibly account for instances of iron-related gyral 
pathology in mTBI that exhibit similar depth-specific 
patterns.

It is important to note that both injuries at the pial sur
face113 and closer to the GM/WM border111 have been re
lated to adverse outcomes after mTBI. However, subpial 
iron deposition near small blood vessels in the fundus is 
congruent with distributions of sulcal tauopathy seen in 
CTE,113 which may be related to breaches in the BBB.107

Injury-induced microvascular dysfunction may increase 
BBB permeability114,115 which likely increases active trans
port of non-heme iron via vascular endothelial cells into 
the superficial layers of the cortex9,29,116 which could ac
count for perivascular accumulations.93,94 The potential 
long-term effects of iron deposition in this young cohort war
rants further investigation, given the known relationship be
tween iron accumulation and tau pathology.34

Limitations and future research
The ability of neuroimaging modalities to infer underlying 
biological processes is limited by spatial constraints and in
ference about tissue composition from indirect markers. 
While the use of QSM can provide insight into potential 
iron accumulation, it remains a surrogate measure of iron- 
tissue content. Integrating complementary modalities such 
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as PET, or protein assays, would offer a more comprehensive 
understanding of the underlying neurobiology. Additionally, 
because analyses related to cortical thickness involve sam
pling multiple tissue types across a small cross-section, high
er resolutions become particularly important.117 Although 
≤1 mm isotropic resolution is recommended to mitigate par
tial volume effects,64 such artefacts may be problematic at 
the cortical surface and GM/WM tissue interface. While ero
sion steps were used to reduce non-brain signals around the 
outer cortex, acquiring higher-resolution images, assuming 
an adequate field-of-view,60 may further reduce partial vol
ume effects. It is worth noting that QSM studies conducted 
at similar resolution found that discarding the outer depths 
did not significantly alter susceptibility measurements,60 sug
gesting that the influence of partial volume-induced distor
tions may be relatively modest under these conditions. The 
1 mm isotropic voxel resolution also inherently restricts 
depth-wise analysis of the ∼1–4.5 mm thick cerebral cor
tex.83 However, studies employing comparable depth- 
specific methodologies have utilized data from QSM,60

DTI,76 T1w/T2w imaging118 and quantitative T1 and 
QSM,119 to sample between 10 and 21 cortical depths 
with meaningful results. In addition, the DTI-based study76

reported the identification of features with 0.9 mm isotropic 
resolution, single-shell data similar to those found with 
92 µm isotropic, high-angular-resolution data,120 under
scoring the ability of these technique to conserve features 
even at coarser resolutions. Whilst the model presented 
here is more conservative than previous approaches, sam
pling fewer depths (e.g. three) could arguably capture overall 
cortical thickness and avoid redundancy; however, sampling 
fewer depths appears to forfeit distinct susceptibility features 
uniquely revealed by a six-depth model (see Supplementary 
Figs 1–34). Given inter-individual variability in cortical 
thickness, there is need for individualized approaches that 
are sensitive to heterogeneity. These inherent constraints 
should nonetheless be considered when interpreting the pre
sented data.

It should be noted that this study did not control for sev
eral potential confounding factors, including prior injuries, 
genetic predispositions and environmental influences, all 
known to affect injury severity and recovery trajectories.8

Moreover, natural age-related increases in cortical iron are 
particularly pronounced within this specific age range.121

In principle, within a sample so closely age-matched, the nor
mal distribution reflects typical variation in cortical suscepti
bility values, but age effects may still not be fully accounted 
for. The power of Z-scores to regress these variables is lim
ited, particularly at small sample sizes and future research 
should consider recruiting large control cohorts that enable 
more robust approaches, such as normative modelling.122

This would also confer the added benefit of sampling across 
broader populations, simultaneously improving generaliz
ability. This is particularly salient for female athletes, for 
whom hormonal variations,123 the use of oral contracep
tives124 and differences in neck musculature125 lend them
selves to further heterogeneity in injury severity and 

outcome. In lieu of normative modelling, investigations 
using female cohorts are planned to address this gap. 
Lastly, the current study relied on a single-echo QSM se
quence, constraining susceptibility thresholding to ‘between’ 
voxels. Multi-echo sequences enable the separation of sus
ceptibility sources ‘within’ voxels,109,126,127 and should be 
considered for future research.

To conclude, our results suggest that iron-mediated cell 
damage plays a key role in mTBI pathology. In keeping 
with the heterogeneity of mTBI, accumulation of cortical 
iron after injury is person-specific and may be influenced 
by cortical morphology. These results highlight the import
ance of examining mTBI at an individual level rather than 
relying on group-level analyses. This variability likely also 
complicates the search for universal biomarkers, further 
underscoring the need for personalized approaches that inte
grate advanced imaging and detailed symptom profiling.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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Abstract. Despite vulnerability to microstructural tissue damage following mild traumatic brain injury (mTBI), key subcortical brain regions have
been overlooked in quantitative susceptibility mapping (QSM) studies. Alterations to tissue composition in the functionally and structurally distinct
hippocampal subfields and basal ganglia regions may reflect distinct symptomatology, and better characterisation of these regions is needed to
increase our understanding of mTBI pathophysiology. To address this issue, we analysed differences in positive and negative QSM values between
25 males with acute (< 14 days) sports-related mTBI (sr-mTBI) and 25 age-matched male controls across 10 hippocampal subfields and 16 basal
nuclei. Additional variables of interest including age, injury severity, and days since injury at time of the magnetic resonance imaging (MRI)
scan were also correlated with both positive and negative susceptibility values. Primary analyses indicated no significant difference in positive
susceptibility values between sr-mTBI participants and controls for hippocampal and basal ganglia ROIs. For negative sign values, susceptibility
was significantly less negative for sr-mTBI participants in the cornu ammonis 4 (CA4) region only (pFDR = 0.04). In line with the known linear
relationship between iron deposition and age in deep grey matter, particularly within the first three decades of life, significant positive relationships
were observed between net positive susceptibility and age in the putamen, caudate, red nucleus, parabrachial pigmented nucleus, and ventral
pallidum (pFDR < 0.05). Positive relationships were also observed between absolute negative susceptibility values and age in the hippocampal
fimbria, caudate, and extended amygdala (pFDR < 0.05), suggesting age-related calcifications in these regions. A negative relationship was
observed between absolute negative values and age in the ventral pallidum (pFDR = 0.04), indicating potential changes to myelin content in this
region. No significant associations were observed between any other variable and signed susceptibility values. The results of this study contribute
to, and extend, prior literature regarding the temporal kinetics of biomagnetic substrates as a function of ageing. Decreased negative susceptibility
after mTBI in the CA4 region also suggests potential injury-related effects on myelin content or neuron loss; a particularly interesting finding in
light of the well-established vulnerability of cell populations in this region and susceptibility to pathology in chronic traumatic encephalopathy
(CTE). The lack of other significant between-group differences suggest that alterations to tissue content may not be quantifiable at the acute stage of
injury in subcortical ROIs or may be masked by age-related tissue susceptibility changes as a common feature across all participants in this young
cohort. Future research should consider the use of longitudinal study designs to mitigate the influence of these factors.

Keywords: basal ganglia; brain iron; concussion; hippocampal subfields; mild traumatic brain injury; quantitative susceptibility mapping.

Introduction

Whilst participation in sports can have many physical and psychological benefits, there is a non-negligible risk of sustaining a mild traumatic brain

injury (mTBI). This is the most common form of traumatic brain injury (TBI),1 and reports suggest that up to 30% of all TBI cases are mild head

injuries resulting from sports participation.2 The related changes to cognition, mental health, and physiology can be far from what categorisation as

a “mild” injury would suggest, significantly degrading quality of life and participation in activities of daily living.3 These symptoms are generally

associated with the acute and subacute stages, but may persist for decades after injury.4–6 In addition, repeated instances of mild head trauma expose

individuals to a mTBI-related form of progressive neurodegeneration, chronic traumatic encephalopathy (CTE),3, 7 and increased risk of premature

mortality.8 Given the popularity of sports the world over, the issue of mTBI warrants careful consideration.

A mTBI is induced by either impact or inertial forces9 which transmit mechanical energy to the brain10 causing primary and secondary

injury.11 Primary injury occurs at the time of the incident when the brain is displaced within the skull, damaging the neurons, glia, and blood vessels

of the cerebral tissues.12 mTBI is most often associated with a diffuse primary injury, specifically diffuse axonal injury, whereby the cellular nerve

fibers are stretched, causing cytoskeletal damage.11, 13, 14 Secondary injury refers to the resultant dynamic physiological processes catalysed by the
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primary injury; this complex and self-perpetuating cascade of biomechanical and metabolic disturbance within the affected tissues can propagate

for months after the initial impact.15 This includes, but is by no means limited to, altered neurotransmitter signalling, changes to cerebral blood

flow, mitochondrial dysfunction, blood-brain barrier (BBB) disruption, oxidative stress, demyelination, and neuroinflammatory responses.9, 11, 16

However, the underlying pathophysiology of mTBI remains poorly understood.14

Iron is an essential co-factor for many neuronal processes including mitochondrial respiration, oxygen transport, cellular metabolism, and syn-

thesis of neurotransmitters, myelin, and DNA.17, 18 However, iron overload, particularly in non-heme form (i.e., iron bound to proteins like ferritin

and transferrin rather than heme groups), is increasingly recognised as a driver of secondary neurotoxic events11, 19 including oxidative stress, cel-

lular degeneration, and inflammation.20–22 Non-heme iron is also the primary source of paramagnetic signals assessed by quantitative susceptibility

mapping (QSM), an analytical technique of magnetic resonance imaging (MRI) data that enables quantification of biomagnetic substances in neural

tissue.23–26 As such, mapping distributions of positive susceptibility across the brain as a proxy for iron load represents a promising avenue for

investigating potential biomarkers of neuropathology following mTBI. Myelin constitutes the primary source of diamagnetic contrast on QSM,27

but calcium28–30 and certain proteins such as beta-amyloid (Aβ) and tau also contribute31–33 and concentrations of all aforementioned biomagnetic

substrates may change as a function of injury-related processes in mTBI.11, 16, 22, 34 Isolation of these susceptibility sources may therefore provide

crucial insight into the subtle biodynamics and injury cascades occurring shortly after injury.

Research using QSM to examine alterations to grey matter after mTBI have focused on markers of iron accumulation in the basal ganglia as

a proxy for secondary injury processes. Iron, as a fundamental component of neurotransmitter synthesis, is more abundant in these deep regions

compared to cortical grey matter35 which supports the high metabolic demand related to signal processing.11 Dense concentrations of iron are

particularly noteworthy in the globus pallidus, red nucleus, substantia nigra, putamen, caudate, and thalamus35 and may predispose these regions

to iron-mediated disorders.36 Additional vulnerability to shear and strain damage in mTBI37 due to axons originating from, terminating in, or

intersecting with these nuclei,11, 38, 39 for example thalamo-cortical projections,40 may further increase the risk of iron-driven secondary injury.

Within this existing body of research, a focus on either total deep grey matter,41, 42 basal ganglia segmentations,43–45 or a combination of

the two,46, 47 have predominated. Where segmentations have been employed, the analyses are typically confined to major subcortical structures

such as the caudate, putamen, thalamus, and globus pallidus,43, 44, 46 potentially overlooking the susceptibility of many other deep grey matter

regions to cytotrauma. To date, only two studies45, 47 have extended their investigations to include additional subcortical structures such as the

nucleus accumbens, amygdala, and hippocampus, which exhibit similar iron-related vulnerability as the basal nuclei. However, even these more

comprehensive examinations have lacked the anatomical specificity needed to identify distinct structural and functional subregions that may be

differentially affected by mTBI, representing a crucial oversight in the QSM-mTBI literature.11 These include distinct pallidal substructures, limbic

structures, and other associated nuclei. Examining these additional subregions may be critical for identifying potentially more subtle mTBI-related

changes to biomagnetic substrates that could otherwise be washed out when examining entire regions-of-interest (ROI), as we have previously

demonstrated in the cortical grey matter.48

Pathological changes in these deep brain structures responsible for motor control,49, 50 emotional regulation,51 learning,52 and memory,53

may also drive the heterogeneity of mTBI symptomatology. Iron overload in the deep grey matter in particular may significantly alter cognitive

function after mTBI.54 The convergent evidence indicates that more comprehensive assessments of the subcortical nuclei are warranted. In addition,

examining the hippocampus using a whole-ROI approach neglects the structural and functional distinctions between its subfields. The hippocampus
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is particularly vulnerable to injury,55 and as a central hub for memory56 damage to this area may be related to the memory impairments characteristic

of mTBI.57 Macroscopic methods may thus risk masking specific hippocampal pathologies that are likely related to mTBI symptomatology. In

addition, temporal regions, including the hippocampus, also exhibit region-specific atrophy and tau hyperphosphorylation (p-tau) in CTE,58–60

which may be related to iron dyshomeostasis.22, 61, 62

Taken together, these studies suggest that investigations differentiating between distinct brain regions and their substructures are necessary to

better understand the pathology of mTBI, and may assist in elucidating the genesis of specific injury-related deficits. To contribute to the sparse

extant literature, we conducted the first QSM analysis of mTBI effects in the hippocampal subfields alongside the most detailed segmentation of

the basal ganglia to date. This study aimed to: 1) assess the effects of mTBI on positive (iron-related) and negative (myelin-, protein-, calcium-

related) net magnetic susceptibility to better understand acute pathology in, a) 16 segmentations of the basal ganglia, and b) 10 segmentations of

the hippocampus, and; 2) elucidate the relationship between magnetic susceptibility in these regions and potentially moderating variables including

age, and injury latency and severity. Although many of these regions are both high in iron and susceptible to mTBI-related pathology, the limited

prior literature has produced mixed results regarding the direction of iron-related effects, if any. Furthermore, the absence of QSM thresholded for

inter-voxel sign in previous studies precludes the development of robust hypotheses regarding the directionality of negative susceptibility effects in

grey matter. As such, there were no specific a priori hypotheses related to either susceptibility sign, nor secondary correlational analyses.

Materials and Methods

Ethical approval for this research was obtained from the Health and Disabilities Ethics Committee (HDEC) (Date: 18/02/2022, Reference: 2022 EXP

11078) and institutional approval was also obtained from the Auckland University of Technology Ethics Committee (AUTEC) (Date: 18/02/2022,

Reference: 22/12). In accordance with the Declaration of Helsinki, all participants provided written informed consent prior to data collection.

Participants

Data from 25 male contact sports players (M = 21.10 years old [16-32], SD = 4.59) with acute sports-related mTBI (sr-mTBI) (< 14 days; M = 10.40

days, SD = 3.03) and 25 age-matched male controls (M = 21.10 years old [16-32], SD = 4.35) were used for this observational study (see Table 1).

To mitigate any potential confounding effects due to the known linear relationship between brain iron content and age,17, 35, 63–67 particularly in this

young cohort, we ensured that ages were not significantly different between groups (t(48) = 0.00, p = 1.00). Clinical sr-mTBI participants were

recruited through three Axis Sports Medicine clinics (Auckland, New Zealand), via print and social media advertisements, word-of-mouth, and

through community-based pathways including referrals from healthcare professionals and sports team management. Each clinical participant was

required to have a confirmed sr-mTBI diagnosis by a licensed physician as a prerequisite for study inclusion, and symptom severity was assessed

using the Brain Injury Screening Tool (BIST)68 either upon presentation to Axis clinics or electronically following recruitment. Healthy controls

(HC) were recruited through print and social media advertisements, and word-of-mouth. Exclusion criteria for all participants included a history

of significant medical or neurological conditions unrelated to the study’s objectives and contraindications for MRI. Additionally, controls were

excluded if they had any recent history of mTBI events (< 12 months) or were living with any long-term effects of previous mTBI. All participants

completed a brief demographic questionnaire and attended a 1-hour MRI scan at The Centre for Advanced MRI (CAMRI), Auckland, New Zealand.

All scans were reviewed by a certified neuroradiologist consultant for clinically significant findings. While some incidental findings were identified,
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none were considered to be clinically significant and required no follow-up. MRI findings for this cohort are reported in extensive detail in previous

publications.48

Table 1: Summary of sr-mTBI participant clinical characteristics
ID Age DSI BIST Score MOI

mTBI-01 < 20 5 days 140 Rugby

mTBI-02 < 20 5 days 12 Rugby

mTBI-03 20s 6 days 78 Rugby

mTBI-04 < 20 13 days 18 Rugby

mTBI-05 < 20 12 days 61 Rugby

mTBI-06 20s 13 days 42 Rugby

mTBI-07 20s 13 days 13 Football

mTBI-08 20s 12 days 6 Hockey

mTBI-09 20s 6 days 56 Rugby

mTBI-10 < 20 12 days 54 Rugby

mTBI-11 20s 10 days 52 Rugby

mTBI-12 30s 13 days 13 Football

mTBI-13 < 20 5 days 79 Rugby

mTBI-14 20s 13 days 2 Rugby

mTBI-15 < 20 13 days 22 Rugby

mTBI-16 < 20 8 days 117 Futsal

mTBI-17 20s 13 days * Rugby

mTBI-18 20s 10 days 34 Gymnastics

mTBI-19 20s 13 days 28 Jiu-jitsu

mTBI-20 20s 11 days 69 Surfing

mTBI-21 < 20 7 days 14 Rugby

mTBI-22 < 20 13 days 39 Judo

mTBI-23 < 20 9 days 34 Rugby

mTBI-24 < 20 12 days 68 Rugby

mTBI-25 20s 12 days 17 Rugby

Mean mTBI 21.10 (4.59) years 10.4 (3.03) days 44.5 (35.0) /160

Mean HC 21.10 (4.35) years

Note. Diagnostic assessment was limited to the volume T1, SWI and DWI sequences with only limited interpretation of the multi-echo T2 stack. Clinical

assessments were relevant to the identification of micro-haemorrhages, areas of siderosis, T1 appearance, gliosis, volume, ventricular volumes and non-neurological

findings. Age is reported in a range to prevent re-identification of participants. The possible range of BIST scores is 0 (min) to 160 (max). Clinical group data

corresponded to date at MRI only with the exception of the BIST68 acquired >24 hours post-injury prior to MRI scanning (<14 days post). Abbreviations are: mTBI =

mild traumatic brain injury; HC = healthy control; ID = unique identifier; DSI = days since injury; BIST = Brain Injury Screening Tool68; MOI = mechanism of injury;

MRI = magnetic resonance imaging; L = Left; R = right; * = missing data (BIST incomplete on the Axis Sport Medicine Clinic patient portal, reason unknown).

Neuroimaging

Details on image acquisition and processing have been previously reported,48 and are summarised here for brevity.
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Acquisition

MRI data were acquired on a 3T Siemens MAGNETOM Vida Fit scanner (Siemens Healthcare, Erlangen, Germany) equipped with a 20-channel

head coil. A 3D flow-compensated single-echo gradient-recalled echo (GRE) sequence was used to obtain magnitude and unfiltered phase images

suitable for QSM reconstruction. Data were collected at 1 mm isotropic voxel size with matrix size = 180 x 224 x 160 mm, TR = 30 ms; TE =

20 ms; FA = 15◦; FoV = 180 mm (LR) × 224 mm (AP) in a total acquisition time of ∼3.43 minutes. For each participant, a high-resolution 3D

T1-weighted (T1w) anatomical image volume was acquired for coregistration, parcellation and segmentation using a Magnetisation-Prepared Rapid

Acquisition Gradient Echo (MPRAGE) sequence (TR = 1940.0 ms; TE = 2.49 ms, FA = 9◦; slice thickness = 0.9 mm; FoV = 230 mm; matrix size

= 192 x 512 x 512 mm; GRAPPA = 2; voxel size 0.45 x 0.45 x 0.90 mm) for a total acquisition time of ∼4.31 minutes. DICOMs were converted

to NIfTI files and transformed to brain imaging data structure (BIDS)69 for further processing using Dcm2Bids70 version 3.1.1, which is a wrapper

for dcm2niix71 (v1.0.20230411).

QSM processing

QSM images were reconstructed using QSMxT72 v6.4.2 and used a robust two-pass combination method for artefact reduction,73 rapid open-

source minimum spanning tree algorithm (ROMEO) for phase unwrapping,74 background field removal with projection onto dipole fields (PDF),75

sparsity-based rapid two-step dipole inversion (RTS),76 and whole-brain susceptibility referencing; a pipeline congruent with recent consensus

statement recommendations for best-practice QSM reconstruction.77

For each participant, the raw magnitude image was skull-stripped using FSL’s BET78 with robust brain centre estimation and a fractional inten-

sity threshold of between 0.3 and 0.6. Binary masks were derived from the skull-stripped magnitude image and applied to the susceptibility maps to

erode non-brain signal around the brain perimeter using fslmaths. Skull-stripped magnitude images were linearly registered to the California Insti-

tute of Technology’s 168 (CIT168) T1w template79 in Montreal Neurological Institute 152 (MNI152) space using FMRIB’s Linear Transformation

Tool (FLIRT)80–82 with 12 degrees of freedom (DoF) suitable for atlas-based registration. The resulting transformation matrix was then used for

spatial normalisation of the QSM images using FLIRT.80–82 Using inter-voxel thresholding methods,83, 84 QSM maps were then thresholded into

separate maps of net positive voxels (QSM+) and net negative (QSM−) voxels with fslmaths, by separating values across voxel boundaries above

(QSM+) and below (QSM−) zero. This approach may enable more targeted analyses of specific susceptibility sources without the confounding

effects of inter-voxel averaging. Both QSM+ and QSM− susceptibility maps were used in subsequent analyses.

Basal ganglia segmentation

The CIT168 basal ganglia mask, available in MNI152 space, provides a detailed 16-part probabilistic atlas of the basal nuclei.79 Derived from

T1w and T2-weighted in vivo structural images of 168 participants from the Human Connectome Project,85 this atlas is openly accessible via the

NeuroVault Collection (No. 3145). The segmentations included: the striatum, comprised of the putamen (Pu), caudate (Ca), and nucleus accumbens

(NAC); the pallidum, which includes the globus pallidus externus (GPe), globus pallidus internus (GPi), and ventral pallidum (VeP); and the

substantia nigra, including the substantia nigra pars compacta (SNc) and substantia nigra pars reticulata (SNr). Additional segmentations covered

the extended amygdala (EXA) and other limbic structures including the hypothalamus (HTH) and mammillary nucleus (MN), the mesolimbic

ventral tegmental area (VTA) and the associated parabrachial pigmented nucleus (PBP), the epithalamic habenular nuclei (HN), the subthalamic

nucleus (STH), and the red nucleus (RN) (see Fig. 1 for reference).
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Fig 1: Segmentations of the basal ganglia
Sixteen bilateral segmentations of the basal ganglia are displayed across axial (A) slices of the T1w CIT168-MNI152 brain template, as well as 3D renderings from

superior (S), inferior (I), and lateral (L) perspectives for both the CIT168-MNI152 brain template and corresponding basal ganglia mask. The key for each basal nuclei is

provided in the respective colour of that region. Axial slices for signed maps (QSM− and QSM+) are shown at comparable depths for visual reference. Susceptibility

values are expressed in parts per million (ppm) ranging from 0.0 to +0.05, and negative maps are multiplied by -1 for better visualisation. GPe = globus pallidus externus;

GPi = globus pallidus internus; SNc = substantia nigra pars compacta; SNr = substantia nigra pars reticulata; PBP = parabrachial pigmented nucleus; VTA = ventral

tegmental area.

Hippocampal segmentation

Prior to hippocampal segmentation, bias field correction was applied to each participants’ T1w images using the N4 algorithm86 from the Advanced

Normalisation Tools (ANTs) library.87 The bias field-corrected T1w images were then processed with FreeSurfer’s recon-all pipeline.88 Subsequent

unilateral segmentation of the hippocampal subfields was conducted using an automated, FreeSurfer-based pipeline.89 This hippocampal segmenta-

tion leverages a probabilistic atlas derived from ultrahigh-field, ex vivo MRI data with approximately 0.1 mm isotropic voxel resolution to automate

the delineation of hippocampal substructures for each hemisphere. Three resulting hippocampal segmentation schemes were produced, a macro-

scopic head/body/tail segmentation (denoted as “HBT”), a detailed scheme where molecular subregions are merged with the nearest neighbours,

specifically the CA subfields (labeled “CA”), and a detailed segmentation where molecular subregions are not merged (referred to as “FS60”).

Of these, the mid-detail segmentation (the “CA” scheme) was selected for use in statistical analysis, balancing the level of segmentation detail

with the need to mitigate the multiple comparisons problem. The hippocampal subregion masks included in this segmentation: the parasubiculum,

presubiculum, subiculum, cornu ammonis (CA) regions CA1, CA3 (which includes CA2), and CA4, the hippocampal-amygdala transition area

(HATA), fimbria, hippocampal tail, and hippocampal fissure. For full segmentation details, refer to Table 2, and for visual representation see Fig. 2.
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Table 2: Hippocampal subfields and their closest anatomical structures in “CA” segmentation
Parasubiculum Parasubiculum
Presubiculum head Presubiculum
Presubiculum body
Subiculum head Subiculum
Subiculum body
CA1 head CA1
CA1 body
CA3 head CA3
CA3 body
CA4 head CA4
CA4 body
GC-ML-DG head
GC-ML-DG body
Molecular layer HP-head Closest structure*

Molecular layer HP-body
HATA HATA
Fimbria Fimbria
Hippocampal tail Hippocampal tail
hippocampal fissure hippocampal fissure

* = voxels in the molecular layer are assigned the label of the closest voxel that is neither molecular layer nor background.

Note. This table details the unilateral segmentations of hippocampal subfields within the volume labelled as “CA”, along with associated hippocampal

structures. Subfield CA2 is incorporated into CA3. Table is also available at the FreeSurfer Wiki.

Fig 2: Segmentations of the hippocampal formation
Visual representation of the unilateral hippocampal segmentations provided by FreeSurfer under the “CA” scheme, displayed across coronal (C), axial (A), and sagittal

(S) views as well as a 3D rendering from the inferior (I) and superior (S) views. The key for each hippocampal region is provided in the respective colour of that region.

Signed maps (QSM− and QSM+) from which susceptibility values are sampled for each hippocampal region are shown for each orientation (C, A, S). Susceptibility

values are expressed in ppm ranging from 0.0 to +0.05, and negative maps are multiplied by -1 for better visualisation. HATA = hippocampal-amygdala transition area;

CA 1-4 = cornu ammonis regions 1-4 (Note: CA2 is included in CA3).
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To standardise each of the hippocampal subfield masks for data analysis, each subjects’ skull-stripped T1w brain image and left and right hemisphere

hippocampal masks were converted from FreeSurfer’s .mgz format to NIfTI format (.nii.gz) using MRtrix3 mrconvert.90 After format conversion,

each subjects’ T1w brain image was registered to the CIT168 T1w template in MNI152 space79 using FLIRT80–82 with 12 DoF. The resulting trans-

formation matrix was then applied to both the left and right hemisphere hippocampal masks using nearest-neighbour interpolation to maintain the

integrity of discrete hippocampal label boundaries during transformation. These steps ensured spatial alignment between each of the hippocampal

masks, the signed susceptibility maps, and the CIT168 segmentations of the basal ganglia provided in MNI152 space.79

Statistical analyses

Statistical analyses were conducted at the bilateral level using MATLAB (2024a). Average positive and negative susceptibility values from both

QSM+ and QSM− maps were extracted from the 16 bilateral segmentations of the basal ganglia. For the 10 hippocampal regions, left and right

hemisphere susceptibility values were extracted and averaged to yield a bilateral measure. Any ROIs in which zero values were present for any

participant were omitted from subsequent analysis (the PBP for QSM− analyses, and the HN for QSM+ analyses). There were no zero values for

any participants for any hippocampal ROIs. To evaluate the effects of sr-mTBI compared to healthy controls, two-tailed independent sample t-tests

were performed for each subcortical ROI, assessing group differences in susceptibility values. To control for multiple comparisons, a Benjamini-

Hochberg false discovery rate (FDR) correction91 was applied separately to the 15 p-values corresponding to the remaining basal nuclei (all nuclei

except the PBP for QSM− and HN for QSM+) and the 10 p-values for the hippocampal regions, for each signed susceptibility map. Since

participants were precisely age-matched, age was not treated as a covariate or confounding factor in the between-group comparisons. However,

to examine the associations between QSM values and age across the entire cohort, partial Pearson correlation coefficients were computed. These

analyses assessed the potential linear relationship between age and both positive and negative susceptibility values across all subcortical ROIs,

controlling for group status. Additional relationships were explored between susceptibility values and sr-mTBI-related variables using Pearson

correlation coefficients, including BIST68 scores and injury latency (days since injury; DSI) variables, for clinical participants only. Due to missing

BIST68 data, mTBI-17 was excluded from analyses related to injury severity. Correlations were also corrected for 15 and 10 ROI-wise comparisons,

respectively, using FDR procedures.91

Results

Regional analyses

Using two-tailed independent sample t-tests, differences in bilateral regional susceptibility (positive and negative) were examined for each of the

hippocampal subfields and basal nuclei. P-values were corrected for 10 and 15 comparisons, respectively, using FDR procedures.91

Basal nuclei

Results showed no significant differences in positive or negative susceptibility between sr-mTBI participants and HC for any of the basal nuclei

(pFDR > 0.05; see Fig. 3).
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Hippocampal subfields

There were no significant differences in positive susceptibility between groups for any of the 10 hippocampal subfields (see Fig. 3). Negative

susceptibility values were significantly less negative for sr-mTBI participants (M = -0.007, SD = 0.002) than HC (M = -0.008, SD = 0.001) in the

CA4 only (t(48) = -2.99, pFDR = 0.04). No significant differences between groups for negative susceptibility values were observed for any other

hippocampal ROI.

Fig 3: Mean susceptibility values in the hippocampal and basal ROIs
Bar plots showing the mean susceptibility values for mTBI (red bars) versus HC (blue bars) for: 1. Hippocampal subfields, and; 2. Basal banglia, for both A) positive

and B) negative susceptibility maps. Susceptibility is measured in ppm. ⋆ = significant differences between groups; ⊙ = regions omitted from further analysis due to

zero ROI-wise values for any participant.

Bilateral regional correlations

Partial Pearson correlation coefficients were used to assess the relationship between age and both positive and negative susceptibility for the 10

hippocampal and 15 viable basal segmentations, controlling for group status. Additionally, correlations between both susceptibility signs and 1)

BIST scores68 as an indicator of injury severity, and; 2) DSI at the time of the MRI scan as a marker of injury latency, were conducted for the mTBI

sample only. Negative susceptibility was transformed into absolute values to more clearly illustrate relationships between variables. P-values were

adjusted separately for the 10 hippocampal subfields and 15 segmentations of the basal nuclei using FDR methods.91
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Age

No statistically significant correlations were observed between age and positive susceptibility values for any hippocampal ROI, however, a significant

positive correlation between age and absolute negative susceptibility in the fimbria (r(48) = 0.42, pFDR = 0.03) was observed, suggesting age-related

increases in negative susceptibility (i.e., susceptibility becomes more negative with age) (see Fig. 4).

Fig 4: Significant correlations: Age and negative suscepti-
bility in the fimbria
Scatter plot illustrating the statistically significant correlation between negative (abso-
lute) susceptibility values in the hippocampal fimbria and age. A line of best fit (black)
highlights the trend. 95% confidence interval bars (red) indicate the predicted range
for true values, providing a measure of uncertainty in the model.

Results indicated significant age-related increases in posi-

tive susceptibility values in several basal regions, including the

putamen (r(48) = 0.64, pFDR < 0.001), caudate (r(48) = 0.50,

pFDR = 0.001), red nucleus (r(48) = 0.66, pFDR < 0.001),

PBP (r(48) = 0.40, pFDR < 0.02), and ventral pallidum (r(48)

= 0.35, pFDR = 0.04) (see Fig. 5).

Significant positive correlations were also evident between

age and absolute negative susceptibility in the caudate (r(48)

= 0.39, pFDR = 0.04) and extended amygdala (r(48) = 0.51,

pFDR = 0.002) suggesting that susceptibility in these regions

tends to increase (become more negative) with age. Significant

negative correlations were also observed between age and abso-

lute negative susceptibility values in the ventral pallidum (r(48)

= -0.37, pFDR = 0.04), suggesting that susceptibility tends to

decrease (become less negative) with age (see Fig. 5).
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Fig 5: Significant correlations: Age and susceptibility values in the basal ganglia
Scatter plots illustrating the statistically significant correlations between both 1. Positive and 2. Negative (absolute) susceptibility values and age in basal ROIs. A line

of best fit (black) highlights the trend. 95% confidence interval bars (red) indicate the predicted range for true values, providing a measure of uncertainty in the model.

Injury severity and injury latency

No statistically significant correlations were observed between both positive and absolute negative susceptibility values and either DSI or BIST

scores, for any basal nuclei or hippocampal subfield.
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Discussion

Despite the vulnerability of the striatum and other deep nuclei to mechanical strain, cytoskeletal damage, and secondary metabolic disruptions

after mTBI, all of which are risk factors for iron accumulation, previous QSM research has not yet achieved the anatomical specificity necessary

to extensively characterise mTBI-related alterations to tissue content in the subcortical grey matter. To address this limitation, we performed a

highly detailed segmentation of the basal ganglia alongside the first QSM analysis of the distinct hippocampal subfields in mTBI. QSM images

were thresholded for inter-voxel sign prior to analysis. Between-group comparisons showed no significant differences between mTBI participants

and controls for either susceptibility sign in the basal ganglia, or for positive sign in the hippocampal subfields. However, the hippocampal CA4

region exhibited significantly decreased (less negative) negative susceptibility values for the mTBI group relative to healthy controls. Correlational

analyses also revealed no significant associations between either susceptibility sign and injury latency or severity in the mTBI group within any

ROI. Congruent with expected age-related trends, positive susceptibility values in the putamen, caudate, PBP, ventral pallidum, and red nucleus

increased with age. Age-related increases in negative susceptibility were also apparent in the hippocampal fimbria, the caudate, and the extended

amygdala, but decreased with age in the ventral pallidum.

Negative susceptibility is decreased in CA4 after mTBI

The hippocampal CA4 region is particularly susceptible to both tau pathology in CTE59, 92 and associated local dendritic swelling which are con-

sidered supporting features for diagnosis.58, 93 As a microtubule-associated protein, tau is a promising early indicator of axonal injury in mTBI.94

While focal accumulation of tau would likely result in increased negative susceptibility on QSM,32, 33 the observation of decreased negative sus-

ceptibility in CA4 reported here nonetheless supports an axonal-injury model. This type of injury is characteristic of both TBI95 and mTBI,96

and is associated with disruptions of the myelin sheath97, 98 or demyelination as demonstrated in both animal models99 and human QSM studies

investigating sr-mTBI.100 Although density of myelinated fibers is relatively low in the hilus (CA4),101 disruptions to myelination in this region

could plausibly account for localised decreases in negative susceptibility, suggesting this area could be vulnerable to axonal damage during mTBI

and could speculatively represent an acute component of the injury cascade that culminates in tauopathy as a downstream pathological event later

in life for some people.

Other plausible explanations for decreased negative susceptibility after mTBI could be related to phagocytosis of stressed cells and their

components, including myelin. Microglia and macrophages are known to target and phagocytose distressed but still viable cells, even in the absence

of cell death.102 This could result in a reduction in negative susceptibility if cells within a ROI are particularly sensitive to even mild injury and

resultant distress signalling. Indeed, research suggests that the CA4 region is selectively vulnerable to sustained cell loss after head injury.103, 104

Of particular relevance to this hypothesis, the hilus contains glutamatergic mossy cells and GABA-ergic somatostatin-expressing hilar interneurons

which are highly vulnerable to damage and excitotoxicity in temporal lobe epilepsy, TBI, and mTBI.105–107 Indeed, murine models demonstrate

irreversible loss of somatostatin-expressing hilar interneurons within just four hours of injury.103

In addition, mossy cells, unique to the hilus, are especially predisposed to metabolic disruptions and excitotoxicity, as well as premature

neurodegenerative processes.107 Murine models also demonstrate the link between TBI and damage to hilar mossy cells, the “irritable mossy cell”

hypothesis, which may account for the memory-related impairments observed after TBI.106, 107 Mossy cells also express proteins that may be

implicated in depression, and reductions in mossy cells may increase levels of anxiety107; both of which are mood-related symptoms of mTBI.108
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Whilst speculation is interesting, in the absence of histological analysis, the precise pathological mechanisms cannot be accurately characterised.

However, at minimum the results presented here support prior research noting the vulnerability of the hippocampus, and in particular the CA4, to

mTBI-related pathology.

Positive susceptibility in subcortical grey matter and mTBI

This, and other,41–47 QSM investigations have found no significant evidence of iron accumulation in the basal nuclei or hippocampus after mTBI.

However, iron accumulation as a pathologic feature of mTBI in many of these regions is well documented, contradicting the lack of iron-related

findings reported here. For example, an iron-sensitive magnetic field correlation (MFC) study37 reported iron accumulation in the globus pallidus

and thalamus following mTBI. Investigations using susceptibility weighted imaging (SWI) have also identified iron deposition in the caudate,

thalamus, right substantia nigra, red nucleus, lenticular nucleus, splenium of the corpus callosum, and hippocampus in chronic mTBI, concomitantly

linking accumulations in the substantia nigra with cognitive dysfunction.54 Studies using T2
* imaging have identified iron deposition in cortical,

subcortical (left putamen, bilateral hippocampal), and brainstem regions,109 along with reports of accumulation in the lateral geniculate nucleus of

the thalamus,110 with both studies citing associations between elevated iron and post-mTBI headache symptomatology.

Additionally, animal models of controlled cortical impact TBI have demonstrated iron deposition in the thalamus ipsilateral to the impact

site upon histological examination, with focal depositions co-localising T2 hypointensity on MRI.111 Murine models also report the vulnerability

of the hippocampus to oxidative stress and synaptic protein modification, underscoring not only the regional susceptibility to traumatic injury

mechanisms, but also identifying a potential role of iron in the generation of cytotoxic free radicals.112 Post-mortem studies have provided evidence

of iron accumulation in hippocampal neurofibrillary tangles (NFTs) in CTE,61 as well as abnormal hemosiderin-laden macrophages near small

vessels in the frontal and temporal lobes less than one year post-injury, indicating ferritin-bound non-heme iron deposition113 which is corroborated

by recent research noting the presence of L-ferritin-positive astrocytes proximal to CTE lesions.114

Despite these studies highlighting the vulnerability of the basal nuclei and hippocampus to iron-mediated pathology at multiple stages post-

injury, an absence of significant group differences in positive susceptibility observed in this study may suggest a general protective effect conferred

by the deep subcortical location of these regions. In contrast, our prior work has demonstrated that the cortex, particularly the parahippocampal

gyrus, is susceptible to iron-mediated pathology following mTBI.48 In more targeted, individualised analyses, cortical iron pathology has been

observed in one-third of mTBI participants (rising to 83% when accounting for cortical depth and curvature) across various cortical ROIs, which

was related to more severe injury-related symptoms.115

It is also reasonable to suggest that the absence of between-group differences in iron markers may reflect the influence of normal age-related

increases in iron (for a review, see Madden and Merenstein17), which could obscure subtle mTBI-specific effects. Age-related iron deposition is

particularly pronounced in the basal nuclei and most evident within the age range of participants in this study, as discussed in more detail further

below. This shared characteristic among younger individuals may explain the lack of significant group differences in iron-related markers. In

contrast, the general lack of age effects in hippocampal regions and the resultant sensitivity to disruptions in negative susceptibility in the CA4

region supports the hypothesis that changes to biomagnetism which are common to all participants may obscure injury-related susceptibility effects.

Consequently, the unique alteration to negative susceptibility values in the hippocampal CA4 thus likely reflect specific pathological consequences

of mTBI.
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In keeping with these observations, thresholding bulk magnetic susceptibility likely enabled the isolation and identification of weaker negative

susceptibility effects, which could otherwise have been diluted or overshadowed by stronger positive susceptibility signals during analysis.26 This

could also account for the lack of significant differences reported in previous studies where neither more rudimentary thresholding or true magnetic

source separation techniques were employed to generate separate sign-wise maps,41–47 providing support for intra- or inter-voxel susceptibility

separation techniques, depending on the data acquisition parameters.

mTBI and negative susceptibility in subcortical grey matter

We found no evidence of increased negative susceptibility in the subcortical grey matter following mTBI. However, alterations to varying bio-

magnetic substrates following TBI have previously been characterised in murine models using QSM and R2
* imaging alongside histological

examinations to assess changes not only to iron, but also myelin and calcium.116 These models have demonstrated concurrent iron and calcium

accumulation, as well as demyelination after impact. These findings are reinforced by additional in vivo and ex vivo murine models of TBI also

reporting significant calcifications, which are proposed as an indirect measure of inflammation117 and microglia activation118 following injury. Of

particular interest, studies have noted that calcifications often co-localise with paramagnetic iron in TBI.116 This finding underscores the complex

interplay of tissue components affected by mTBI and highlights the contribution of both paramagnetic and diamagnetic substrates to injury pathol-

ogy. This further validates the need for either source separation, if data are acquired with multi-echo sequences,119–124 or single-echo-compatible

voxel-wise thresholding,83, 84 in QSM research to differentiate these overlapping effects and better elucidate underlying biological mechanisms.

Aβ and tau, two proteins with potentially diamagnetic properties,31–33 have been associated with both acute injury pathology and later neu-

rodegenerative processes, and are known to co-localise with iron in Alzheimer’s disease (AD)17 and CTE.61 Tau is a promising fluid biomarker for

axonal injury in mTBI94 and both fluid tau125, 126 and Aβ levels can accumulate at the acute stage of TBI.127 Focal accumulations may be present

in the entorhinal cortex, hippocampus, and striatum (caudate and putamen) as evidenced by PET studies of TBI.128 The aggregation of both pro-

teins would likely produce differences in negative susceptibility on QSM. However, systematic reviews have noted inconsistencies between studies

regarding the presence or absence of Aβ as a pathologic feature of TBI,128 and similar conflicting evidence exists regarding the biodynamics of

tau in mTBI, with some studies suggesting elevations within hours-to-days, and others indicating no difference between individuals with mTBI and

controls acutely after injury.94 These factors may have contributed to the absence of quantifiable increases in negative susceptibility in the present

study. Alternatively, and perhaps more plausibly, the results presented here indicate that Aβ and tau are not present in this young cohort129, 130

imaged at the acute stage of a mild head injury.

Temporal biodynamics of positive susceptibility

Iron increases throughout the lifespan as a function of normal ageing.17, 63 Particularly steep increases in brain iron content are present in the red

nucleus and substantia nigra within the first 20 years of life, the globus pallidus at approximately 30 years, with maximal values reached in the

putamen and caudate at approximately five to six decades after birth.35 This histological study is supported by extensive QSM investigations,17

for example, QSM and R2
* mapping have demonstrated susceptibility increases in the putamen and globus pallidus throughout adulthood, with

values in the caudate peaking in the third decade.66 Other QSM studies have evidenced increased susceptibility values in the caudate, putamen,

globus pallidus, red nucleus, and substantia nigra in healthy older populations relative to younger samples.64 Both imaging and histological studies

support the biological plausibility of correlational results presented here, particularly within the caudate, putamen, and red nucleus.17 This study
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also extends the existing literature through the observation of additional age-related positive susceptibility increases in the PBP and ventral pallidum.

Our correlational findings, and evidence from the literature more broadly, suggest that a younger cohort is particularly prone to iron deposition as a

shared characteristic, irrespective of mTBI status. For hippocampal regions, on the other hand, age-related iron accumulation apparent in previous

research17, 63, 65, 67 was not reflected in the results of this study, potentially due to a likelihood of more subtle effects in these regions, coupled with

the limited age range of this sample.

Temporal biodynamics of negative susceptibility

The temporal dynamics of diamagnetic substrates are relatively under-investigated in QSM, making inferences far less substantive than those

related to paramagnetism and iron. Although myelin is the main source of negative susceptibility on QSM27 it is unlikely that increases in negative

susceptibility reflect age-related increases in myelin content. Whilst developmental myelination of axons is apparent up until approximately 30

years of age, this protraction of normal processes is generally restricted to prefrontal cortical regions.131 In other brain regions, steep increases in

myelin content are most apparent in the first months of life, after which time any disparities between age groups are unlikely to produce noticeable

differences in tissue contrast on MRI.132 Age-related kinetics of Aβ and tau aggregation point toward similar conclusions. While deposits of Aβ

have been detected in the brains of individuals as young as 20 years old,133 it is typically a feature associated with older age, and has been noted in

both the presence and absence of cognitive dysfunction129; a similar pattern to that observed in tau accumulation.130 As such, trends for increasing

negative susceptibility with age are unlikely to be related to proteinopathy. Here, reasonable speculation suggests that the positive relationship

between negative susceptibility and age in the caudate, extended amygdala, and hippocampal fimbria may be related instead to calcifications in

these regions. This is supported by a body of work highlighting age-related calcifications in the basal ganglia134, 135 and hippocampus136 in healthy

individuals. However, the paucity of granular segmentations in the wider literature makes drawing parallels with the present research more difficult.

Conversely, the decrease in negative susceptibility as a function of age in the ventral pallidum may be related to myelin changes. The ventral

pallidum contains both neuronal cell bodies and myelinated axons for rapid signal transmission.137–139 Although literature related to age-induced

demyelination specific to this region does not abound, investigations of myelin biodynamics more broadly suggests a 10% decrease per decade

between the ages of 20 and 80,140 which may account for the moderate effects evident here.

Injury latency and severity do not affect subcortical tissue magnetic susceptibility

While research suggests a negative correlation between iron deposition and cognitive ability following mTBI,54 self-reported injury severity is

often misaligned with objective markers of pathology, including on neuroimaging.141, 142 Alongside the under-reporting of symptoms that often

occurs following a sr-mTBI,143, 144 these factors could confound results and contribute to the lack of correlation between positive or negative

susceptibilities and both BIST scores and injury latency variables observed here. However, results from a previous investigation have suggested a

link between injury severity and cortical iron dyshomeostasis.115 The cortex is particularly vulnerable to a diverse range of injury mechanisms and

downstream pathology in mTBI, including acute mechanical deformation and sulcal “water hammer” injury, which may be implicated in cortical

atrophy and tauopathy in CTE.60, 145, 146 It is therefore not unreasonable to suggest that cortical, rather than subcortical, brain tissue content changes

may be more predictive of adverse symptomatology after mTBI. Finally, the lack of correlation between positive or negative susceptibilities and

injury latency suggests that mTBI-related neuropathology may be time-dependent and more evident at subacute and chronic stages. Additional

longitudinal research may be needed to better represent associations between injury latency and alterations to brain tissue content.

15

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 25, 2025. ; https://doi.org/10.1101/2025.01.09.25320291doi: medRxiv preprint 



Limitations

The absence of elevations in positive or negative net magnetic susceptibility following mTBI suggest that iron deposition, calcifications, or focal

aggregation of proteins such as tau and Aβ may not be present at the acute stage of injury. However, aforementioned research provides strong

evidence that head injury more broadly, and even mild instances, can lead to diverse changes across biomagnetic substrates. Several factors may

have inhibited the detection of changes in this research. Firstly, focal accumulations of iron, calcium, or proteins may better characterise chronic

or later-life effects rather than acute pathophysiology, as evidenced by neuroimaging studies where differences in iron deposition were apparent at

an average of 559 days post-injury.37 Secondly, tau elevations are most commonly reported in cases of repeated exposure to head injuries94 and

tau oligomer polymorphisms are expressed differently in single versus repetitive mTBI.147 However, in the absence of prior injury data, the study

design precluded stratification of mTBI participants according to prior mTBI exposure. Without this information, detection of negative susceptibility

changes and the potential relationship with tau pathology may be inhibited. Future studies should consider longitudinal research designs tracking

athletes’ exposure to head injury to better elucidate the cumulative and temporal effect of mTBI on biomagnetic substrates.

Notwithstanding the detail of the segmentations used in this study relative to previous more macroscopic investigations, the spatial resolution

of the susceptibility maps may still limit detection of microstructural alterations. Because the susceptibility value at each voxel in a QSM image

is obtained by convolving the susceptibilities of neighbouring voxels with a dipole kernel, each voxels susceptibility value is influenced by the

surrounding susceptibility distribution,148 and thus resolutions of 1 mm and above may hinder the detection of the subtle pathophysiological

changes associated with mTBI. However, it should be noted that a 1 mm isotropic voxel resolution still meets the minimum criteria for best-practice

QSM.77

Additionally, the use of single-echo QSM restricted voxel thresholding to an inter-voxel approach. As a result, the presence of multiple

biological substrates with opposing magnetic properties within voxels may have confounded results by representing an aggregate of all susceptibility

sources. These bipolar contributions within voxels cannot be disambiguated, and thus analysed, without multi-echo acquisitions.119–124 This was

also a likely cause of missing values in certain ROIs comprised primarily of either positive or negative susceptibility sources, such as the habenular

nuclei or PBP (see Fig. 3). Thresholding these extremely polarised regions may result in zero values for the non-dominant sign for some participants,

which may be further exacerbated by the size of ROIs, like the relatively small habenular nuclei. The use of multi-echo acquisitions would likely

also resolve this limitation. In addition, group-level analyses may obscure individual neuropathology and inter-individual heterogeneity115, 149, 150

and less macroscopic statistical approaches are currently planned for future research.

While the hippocampal89 and basal ganglia79 atlases offer robust segmentations, several limitations are associated with these approaches.

First, the hippocampal segmentations provided via FreeSurfer88 were developed from a small number of donors (10 for healthy controls, up to 15

when including mild cognitive impairment and AD subjects), with advanced age at death (60–91 years), which may result in hippocampal atrophy

influencing the delineations. Furthermore, even with ultrahigh resolution MRI, some regional boundaries are not clearly visible in the training

data. Similarly, for the basal ganglia atlas, some fine anatomical details may be lost, potentially leading to inaccuracies in boundary delineation.

Although manual delineation is considered the gold standard, it requires extensive anatomical expertise and is prohibitively time-consuming.151

Recent advances in deep-learning-based hippocampal segmentation have shown promise152; however, given that the current cohort is unlikely to

exhibit gross hippocampal atrophy or other dramatic structural alterations, these advanced approaches may be more beneficial in samples where

such abnormalities are expected.
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Lastly, this research was conducted on a sample exclusively comprised of males, limiting external validity. This is particularly relevant to

the translation of findings reported here to female sports players. Sex can influence time-dependence of the neuroinflammatory response,94 and

fluctuating sex hormone profiles,153 oral contraceptive use,154 and variability in neck muscle morphology155 can contribute to differences in injury

severity and outcome. Further research is planned within this demographic, and will ensure generalisability to female athletes of this age range.

Conclusions

This research builds upon previous QSM studies of mTBI by presenting the first assessment of mild injury effects specifically in the hippocampal

subfields, and offers the most detailed segmentation of the basal ganglia to date. Here, both positive (iron-related) and negative (myelin-, calcium-,

and protein-related) net susceptibility maps were utilised to better understand the impact of mTBI on biological substrates with differing biomagnetic

profiles. Results revealed mTBI-related decreased negative susceptibility in the hippocampal CA4, indicating potential disruption to myelin or

vulnerable cell populations in this region which may represent a component of the degenerative injury cascade. The absence of significant increases

in either susceptibility sign as a marker of mTBI pathophysiology may reflect a general protective effect of subcortical location within the brain,

or the confounding effect of age-related susceptibility changes common to all participants. Finally, results from correlational analyses support and

extend prior literature regarding age-related iron deposition in subcortical grey matter and contributes to the sparse literature on the relationship

between negative susceptibility values and age.
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Abstract. Quantitative susceptibility mapping (QSM) is an advanced post-processing technique of magnetic resonance imaging data that can be
leveraged as a surrogate marker of iron accumulation in the brain following mild traumatic brain injury (mTBI). However, subtle tissue content
changes characteristic of this complex injury may be lost to group-wise averaging when standard statistical models are employed. To provide
more clinically- and individually-relevant information, z-tests can be used to build personalised profiles of positive susceptibility as a marker of
abnormal iron homeostasis. Here, we mapped subject-specific deviations in iron-related positive susceptibility across 10 bilateral segmentations of
the hippocampal subfields and 15 basal nuclei. The healthy normal susceptibility distribution for each region-of-interest (ROI) was derived from
the aggregate data of 25 age-matched male controls (M = 21.10 years [range: 16-32], SD = 4.35) using z-tests. Region-wise z-scores for each
of the 35 males aged between 16 and 33 years (M = 21.60, SD = 4.98) with acute (< 14 days) sports-related mTBI (sr-mTBI) were compared
against the healthy reference range. Of the sr-mTBI participants, 43% exhibited abnormal iron markers in at least one ROI, which involved the
hippocampal subfields in a majority (87%) of cases. Across all ROIs, particularly dense concentrations were observed in the parasubiculum and
mammillary nucleus. Injury severity scores were not significantly different between sr-mTBI participants with abnormal iron markers (M = 41.7,
SD = 34.5) and those without (M = 35.6, SD = 30.8), p = 0.5, however, abnormal iron markers in certain hippocampal subfields and the mammillary
nucleus were observationally linked to clinical symptom phenotype. Taken together, these data allude to a region-of-risk model in which areas of the
anteromedial hippocampal head, which is proximal to the sphenoid ridge, and midline structures are vulnerable to iron-mediated pathology. These
findings underscore the importance of subject-specific analyses and how these sensitive methods can be used to map regional iron dyshomeostasis
against cranial-dural morphology and established injury biomechanics.

Keywords: basal ganglia; brain iron; hippocampal subfields; individualised profiles; mild traumatic brain injury; quantitative susceptibility map-
ping.

Introduction

As the most prevalent neurological condition, traumatic brain injury (TBI) represents a significant global health concern.1 Projections estimate

that TBI will remain one of the three foremost causes of injury-related death and disability into 2030.2 However, far from a binary condition,

TBI exists along a continuum from mild to severe, with mild TBI (mTBI) accounting for the vast majority (∼90%) of all cases.1 Unlike severe

TBI where lesions are readily identifiable on conventional clinical imaging, such as computed tomography (CT) and magnetic resonance imaging

(MRI), the degree of tissue damage is comparatively less extreme for mTBI and standard radiographic methods fail to detect mTBI-related brain

alterations in 90-95% of cases.1 As a result, mTBI diagnosis and prognosis relies almost exclusively on clinical assessment by subjective self-

report,3 introducing a level of ambiguity that has led not only to definitional and diagnostic inconsistencies, but drastic inequities in access to

care.4, 5 Here, the identification of objective markers sensitive to the inter-individual heterogeneity of micropathology is critical to advancing the

current understanding of mTBI and facilitating targeted, equitable, interventions.

Iron, the most abundant trace metal in the brain, has been implicated in the secondary neurometabolic cascade6–8 and is associated with

cognitive impairments following mTBI,7, 9, 10 highlighting its promise as a potential mTBI biomarker. Whilst the precise mechanisms by which
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excess iron accumulates in the brain is an area of ongoing research, injury-induced microvascular dysfunction, microbleeds, and increased blood-

brain barrier (BBB) permeability likely increase iron transport into neural tissue.6, 7, 11, 12 Normally sequestered in ferritin to mitigate oxidative

stress, supra-physiological levels of iron can overwhelm the capacity of storage proteins, resulting in a labile iron pool which catalyses highly

cytotoxic redox reactions.13, 14 The reactive species generated by redox cycling precipitates oxidative stress, lipid peroxidation, increased cell

membrane permeability, increased expression of pro-inflammatory cytokines, demyelination, damage to DNA, RNA, carbohydrates, lipids, and

proteins, mitochondrial dysfunction, glutamate excitotoxicity, proteinopathy, and iron-regulated cell death.6, 8, 11, 13–19

Quantitative susceptibility mapping (QSM), an advanced MRI post-processing technique, leverages the magnetic field perturbations induced

by biomagnetic substrates, including non-heme iron, to generate scalar maps for an indirect marker of tissue dyshomeostasis.20–22 While QSM

has been extensively used to characterise iron dyshomeostasis in neurodegenerative disorders,23–28 this technique remains under-utilised in the

context of mTBI.29 In the relatively small number of QSM investigations of mTBI, the total deep grey matter or major basal ganglia substructures

including the thalamus, caudate, putamen, and globus pallidus remain the most commonly targeted subcortical regions of interest (ROIs) due to their

high iron load in the brain.30–36 This high regional iron content also render the basal ganglia particularly amenable to imaging methods sensitive

to tissue magnetic susceptibility, such as QSM. While this highlights the prevailing rationale for selecting the basal ganglia as logical targets in

QSM-based mTBI research, the limited anatomical specificity may account for the lack of significant results indicative of iron accumulation in the

subcortical grey matter.30–36 Even the two more extensive investigations inclusive of nucleus accumbens and/or amygdala segmentations34, 36 have

not differentiated the subdivisions of basal ganglia, for example the internal and external segments of the globus pallidus, nor explored mTBI effects

in other associated nuclei. Evidence from susceptibility-weighted imaging (SWI) identifying the substantia nigra and red nucleus as loci of iron

dyshomeostasis post-mTBI9 highlights why exploration of additional structures may enable better characterisation of altered iron signalling in the

brain after injury.

Additionally, despite the well-documented vulnerability of the hippocampus to injury,37, 38 inflammatory processes, impaired long-term

potentiation,39, 40 increased expression of amyloid precursor protein,41 and a high expression of transferrin receptor protein 1 (TfR1) on the apical

BBB endothelium42 which may exacerbate abnormal iron transport across this barrier following injury, investigations of this a crucial memory

hub43 remain limited. Of the three extant studies to include the hippocampus as a region-of-interest (ROI),34, 36, 44 only our previous work44 has

differentiated the hippocampal subfields. Here, we posited that limited anatomical specificity and treatment of the hippocampus as a homogeneous

ROI may mask the iron-related pathology that has been detected by SWI9 but is absent from the findings of prior QSM-based research. Using an

extensive 16-part segmentation of the basal nuclei and 10 hippocampal subfields, we identified decreased negative susceptibility in the cornu ammo-

nis (CA) 4 region consistent demyelination and the selective vulnerability of hilar cell populations to injury.45–49 However, like prior investigations,

we observed no significant increase in positive susceptibility as a marker of iron dyshomeostasis in deep grey matter.

Here, recent research highlighting the utility of subject-specific modelling to capture data that are otherwise lost to group-wise averaging50–56

is particularly relevant. The vast majority of clinical research employ analytic techniques that assess group averages and treat individual variability

primarily as noise.57 These methods are used in an attempt to identify signatures representative of the “average patient”, and while more stan-

dard group-wise statistical approaches have been fundamental identifying disorder-specific neural signatures, such as structural alterations in the

amygdala and hippocampus in anxiety58 and altered rostral anterior cingulate activity in depression,59 the generalisability at the individual level is

limited.57 These macroscopic approaches likely obscure the individual-level heterogeneity that characterises clinical cohorts; variation that is central
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to identifying appropriate and effective intervention.57 Group-level analytic strategies remain the most common method used in QSM investigations

of mTBI. The potential loss of subtle tissue responses to averaging effects could plausibly explain the general lack of significant effects across the

extant literature. Indeed, we have previously demonstrated the capacity of individualised investigations to identify individual-level cortical iron

markers 60 that are not apparent at the group level.61 In this individualised study, identification of a significantly higher symptom burden for mTBI

participants presenting with abnormal iron markers relative to those exhibiting no evidence of iron dyshomeostasis further underscores the clinical

relevance of more sensitive modelling. In the present investigation, we extend this individualised technique to deep grey matter, using the results to

facilitate targeted analyses of differences in injury severity scores between mTBI participants with normal and abnormal subcortical iron markers

as a secondary measure. Given the novel and exploratory nature of this study, no specific a priori hypotheses were made regarding the direction of

effects across all basal nuclei and hippocampal subfields.

Materials and Methods

Ethical approval for this research was obtained from the Health and Disabilities Ethics Committee (HDEC) (Date: 18/02/2022, Reference: 2022 EXP

11078) and institutional approval was also obtained from the Auckland University of Technology Ethics Committee (AUTEC) (Date: 18/02/2022,

Reference: 22/12). In accordance with the Declaration of Helsinki, all participants provided written informed consent prior to data collection.

Participants

Thirty-five male contact sports players (M = 21.60 years [range: 16-33], SD = 4.98) with acute sports-related mTBI (sr-mTBI) sustained within

14 days of MRI scanning (M = 10.40 days, SD = 3.01) and 25 age-matched male controls (M = 21.10 years [range: 16-32], SD = 4.35) were

recruited for this observational study (see Table 1). To minimise confounds related to iron accumulation across the lifespan,62–68 we ensured ages

were not significantly different between groups (t(58) = -0.44, p = 0.66). Clinical (sr-mTBI) participants were recruited through three Axis Sports

Medicine clinics (Auckland, New Zealand), via print and social media advertisements, word-of-mouth, and through community-based pathways

including referrals from healthcare professionals and sports team management. Each clinical participant was required to have a confirmed sr-mTBI

diagnosis by a licensed physician as a prerequisite for study inclusion, and symptom severity was assessed using the Brain Injury Screening Tool

(BIST)69 either upon presentation to Axis clinics or electronically following recruitment. Healthy controls (HC) were recruited through print and

social media advertisements, and word-of-mouth. Exclusion criteria for all participants included a history of significant medical or neurological

conditions unrelated to the study’s objectives and contraindications for MRI. Additionally, controls were excluded if they had any recent history

of mTBI events (< 12 months) or were living with any long-term effects of previous mTBI. All participants completed a brief demographic

questionnaire and attended a 1-hour MRI scan at The Centre for Advanced MRI (CAMRI), Auckland, New Zealand. All scans were reviewed by a

certified neuroradiologist consultant for clinically significant findings. No clinically significant diagnoses were identified from MRI in either group,

and no incidental findings required follow-up (see Table 1).
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Table 1: Clinical characteristics of participants with mTBI
ID Age DSI BIST Score MOI MRI findings

mTBI-01 < 20 5 days 140 Rugby None

mTBI-02 < 20 5 days 12 Rugby None

mTBI-03 20s 6 days 78 Rugby None

mTBI-04 < 20 13 days 18 Rugby Small fluid signal spaces in R peritrigonal WM - normal. R caudate cleft along ventricular surface - possibly develop-
mental or from old ischaemic insult

mTBI-05 < 20 12 days 12 Rugby None

mTBI-06 20s 13 days 42 Rugby None

mTBI-07 20s 13 days 13 Football Minor artefactual T1 signal in pons

mTBI-08 20s 12 days 6 Hockey None

mTBI-09 20s 6 days 56 Rugby Minor R orbital fracture (old)

mTBI-10 < 20 12 days 54 Rugby None

mTBI-11 20s 10 days 52 Rugby None

mTBI-12 30s 13 days 13 Football None

mTBI-13 < 20 5 days 79 Rugby None

mTBI-14 20s 13 days 2 Rugby Small focus of susceptibility in L superior frontal gyrus possibly vascular or nonspecific haemosiderin

mTBI-15 < 20 13 days 22 Rugby None

mTBI-16 < 20 8 days 117 Futsal Tiny cleft of fluid signal in R cingulate gyrus - minor developmental anomaly or mature gliosis

mTBI-17 20s 13 days * Rugby None

mTBI-18 20s 10 days 34 Gymnastics None

mTBI-19 20s 13 days 28 Jiu-jitsu Some artefactual DWI signal in pons

mTBI-20 20s 11 days 69 Surfing Tiny susceptibility site in R temporal lobe - may be vascular

mTBI-21 < 20 7 days 14 Rugby Minor susceptibility in transverse sulcus in R mid temporal lobe - nonspecific, may be vascular or reflect haemosiderin
deposition from prior small volume haemorrhage

mTBI-22 < 20 13 days 39 Judo None

mTBI-23 < 20 9 days 34 Rugby None

mTBI-24 < 20 12 days 68 Rugby None

mTBI-25 20s 12 days 17 Rugby 7mm pineal cyst - normal limits. Some T1 hyperintensity in R cerebellum - artefact compatible

mTBI-26 20s 12 days 25 Rugby Mildly prominent cisterna magna

mTBI-27 30s 7 days 30 Football A few mildly prominent biparietal and L cerebral peduncle perivascular spaces - normal variant

mTBI-28 30s 12 days 51 Swimming None

mTBI-29 20s 5 days 6 Rugby None

mTBI-30 < 20 12 days 2 Rugby Some DWI signal disturbance anterior to pons - likely artefactual

mTBI-31 < 20 14 days 22 Rugby 2-3 tiny foci of susceptibility in R frontal lobe - nonspecific, possible site of prior microhemorrhage. A punctate focus
of T1 hypointensity/T2 hyperintensity superolateral to the frontal horn of R lateral ventricle

mTBI-32 20s 8 days 58 Football Bifrontal developmental venous anomaly noted - normal variants

mTBI-33 < 20 8 days 8 Rugby Minuscule foci of susceptibility in R cerebellar hemisphere /posterior to R aspect of the splenium of CC - nonspecific.
Minor susceptibility in R sylvian fissure - vascular

mTBI-34 20s 14 days 47 Rugby None

mTBI-35 < 20 12 days 28 Football None

Mean mTBI 21.60 (4.98) years 10.4 (3.01) days 38.1 (32.0) /160 No findings considered clinically relevant

Mean HC 21.10 (4.35) years No findings considered clinically relevant

Note. Diagnostic assessment is limited to the volume T1, SWI and DWI sequences with only limited interpretation of the multi-echo T2 stack. Clinical as-

sessments are relevant to the identification of micro-haemorrhages, areas of siderosis, T1 appearance, gliosis, volume, ventricular volumes and non-neurological

findings. Age is given in a range to prevent re-identification of participants. The possible range of BIST scores is 0 (min) to 160 (max). Clinical group data correspondent

to date at MRI only with the exception of the BIST69 acquired >24 hours post-injury prior to MRI scanning (<14 days post). Abbreviations are as follows: mTBI =

mild traumatic brain injury; HC = healthy control; ID = unique identifier; DSI = days since injury; BIST = Brain Injury Screening Tool; MOI = mechanism of injury;

MRI = magnetic resonance imaging; L = Left; R = right; * = missing data (BIST incomplete on the Axis Sport Medicine Clinic patient portal, reason unknown).

Neuroimaging

Details on image acquisition and processing have been previously reported,44, 61 and are summarised here for brevity.
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Acquisition

MRI data were acquired on a 3T Siemens MAGNETOM Vida Fit scanner (Siemens Healthcare, Erlangen, Germany) equipped with a 20-channel

head coil. A 3D flow-compensated single-echo gradient-recalled echo (GRE) sequence was used to obtain magnitude and unfiltered phase images

for QSM reconstruction. Data were collected at 1 mm isotropic voxel size with matrix size = 180 x 224 x 160 mm, repetition time (TR) = 30 ms;

echo time (TE) = 20 ms; flip angle (FA) = 15◦; field of view (FoV) = 180 mm (LR) × 224 mm (AP) in a total acquisition time of ∼3.43 minutes.

For each participant, a high-resolution 3D T1-weighted (T1w) anatomical image volume was acquired for coregistration and segmentation using a

Magnetisation-Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence (TR = 1940.0 ms; TE = 2.49 ms, FA = 9◦; slice thickness = 0.9

mm; FoV = 230 mm; matrix size = 192 x 512 x 512 mm; GRAPPA = 2; voxel size 0.45 x 0.45 x 0.90 mm) for a total acquisition time of ∼4.31

minutes.

QSM processing

QSM images were reconstructed using the QSMxT70 v6.4.2 pipeline with two-pass artefact reduction.71 The rapid open-source minimum spanning

tree algorithm algorithm was used for phase unwrapping,72 background field removal was performed using projection onto dipole fields,73 and

rapid two-step dipole inversion was used for susceptibility estimation.74 Susceptibility was referenced to the whole-brain in accordance with recent

consensus statement recommendations.75

Magnitude images were skull-stripped with FSL’s BET76 and used to generate binary masks for signal erosion at the brain perimeter on

QSM using fslmaths. Skull-stripped magnitude images were linearly registered to the CIT168 T1w template77 with 12 degrees of freedom (DoF)

suitable for atlas-based registration using FMRIB’s Linear Transformation Tool.78–80 The corresponding transformation matrix was used for spatial

normalisation of the QSM images using FLIRT.78–80 QSM images were then thresholded above and below zero to generate separate maps of net

positive (iron-related) and net negative (myelin-, calcium-, and protein-related) voxel-wise susceptibility.81, 82 Only net positive susceptibility maps

(QSM+) were retained for statistical analysis of iron markers.

Basal ganglia segmentation

The 16-part CIT168 bilateral basal ganglia mask77 in MNI152 space was used for segmentation of the putamen (Pu), caudate (Ca), nucleus

accumbens (NAC), globus pallidus externus (GPe), globus pallidus internus (GPi), ventral pallidum (VeP), substantia nigra pars compacta (SNc),

substantia nigra pars reticulata (SNr), extended amygdala (EXA), hypothalamus (HTH), mammillary nucleus (MN), ventral tegmental area (VTA),

parabrachial pigmented nucleus (PBP), habenular nuclei (HN), subthalamic nucleus (STH), and the red nucleus (RN).

Hippocampal segmentation

Each participants’ T1w structural image was processed using FreeSurfer’s recon-all pipeline83 to generate a 10-part unilateral segmentation of the

hippocampal subfields.84 The hippocampal subregion masks include the parasubiculum, presubiculum, subiculum, cornu ammonis (CA) regions

CA1, CA3 (which includes CA2), and CA4, the hippocampal-amygdala transition area (HATA), fimbria, hippocampal tail, and hippocampal fissure.

To standardise each hippocampal subfield mask for data analysis, each participants’ T1w brain image was registered to the CIT168 T1w template

in MNI152 space77 with 12 DoF using FLIRT.78–80 The resulting transformation matrix was then applied to both the left and right hemisphere

hippocampal masks using nearest-neighbour interpolation.
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Personalised QSM profiles

Individual profiles of positive susceptibility were generated at the bilateral level using MATLAB (2024a). Mean positive susceptibility values

were extracted from each of the 16 bilateral basal ROIs and 10 unilateral hippocampal segmentations. To yield a bilateral measure, left and right

hemisphere susceptibility values were averaged for each hippocampal subfield. The HN was omitted due to zero values in this ROI for a subset

of participants. No zero values were present for any participant within any hippocampal ROI. Z-scores were calculated for all participants (HC

and mTBI), by subtracting the HC group mean from each individual’s susceptibility value and dividing by the HC group standard deviation in

accordance with methods used across different imaging modalities to investigate the effects of TBI and mTBI.50–55, 60 To bring the HC data closer to

a normal distribution, outlier scores for the HC group were filtered if they fell outside 2 times the interquartile range (IQR), a more stringent criterion

than the methods used to identify mild outliers 1.5 times the IQR, but less extreme than the more conservative filter of 3 times the IQR.85 HC outliers

were filtered in the hippocampal parasubiculum (n = 2), presubiculum (n = 2), and subiculum (n = 1). For basal ROIs, n = 1 HC participant was

excluded in the EXA and VeP, n = 2 participants were excluded in the STH, and n = 6 participants were excluded in the MN. Despite the more

extensive filtering applied to the MN region, the reduced HC sample size for this region (n = 19) is larger than comparable individualised QSM

studies investigating moderate-to-severe TBI that have used a sample size of 12.53 After filtering, the Shapiro-Wilk normality test yielded an average

W value of M = 0.95 (SD = 0.02) across hippocampal ROIs and an average W value of M = 0.94 (SD = 0.03) across basal nuclei, indicating that the

data distribution within each ROI was close to normal. The pipeline is summarised in Fig. 1 below.

Fig 1: Pipeline for individual subcortical iron profile generation

FreeSurfer was used to generate segmentations of the hippocampal subfields from each participants’ T1w image volume, and the CIT168-MNI152 basal ganglia mask

was used to delineate subcortical nuclei. These segmentations are overlaid on a structural T1w image volume for enhanced visualisation (top left = hippocampal segmen-

tations; bottom left = basal ganglia masks). QSM images were thresholded for net positive susceptibility (QSM+ = centre left image). After voxel-wise thresholding,

mean positive susceptibility values were extracted for each hippocampal and basal ROI. Z-scores were calculated using the mean and standard deviation of the healthy

control group, and standardised around a mean of zero. The HC distribution was filtered to remove outliers exceeding two times IQR for a normal distribution. Each

mTBI participants’ z-score were compared to the healthy ROI-wise normal distribution, while controlling for multiple comparisons. QSM = quantitative susceptibility

mapping; ROI = region of interest; mTBI = mild traumatic brain injury; HC = healthy control; IQR = interquartile range.
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Statistical analyses

To assess statistical significance for mTBI z-scores, two-tailed p-values were calculated from the z-scores using the cumulative distribution function

of the standard normal distribution. A false discovery rate (FDR) correction86 was separately applied to the p-values for the 10 hippocampal or 15

basal nuclei ROI-wise comparisons.

To conduct secondary exploratory statistical tests, the mTBI group was divided into two subgroups: those whose z-scores significantly deviated

from the HC normal distribution for any hippocampal or basal ROI (i.e., iron-abnormal) and those whose scores did not (i.e., iron-normal). Although

preliminary analyses indicated no statistically significant difference in age between mTBI and HC participant groups, an ANOVA was performed

between these three new subgroups (iron-normal, iron-abnormal, and controls) to confirm that age was not driving the identification of abnormal

z-scores. Iron deposition in subcortical nuclei is a recognised feature of healthy ageing, particularly in individuals of a similar age range to this

cohort,62, 65, 66 thereby necessitating this further analysis to ensure that observed results were not confounded by normative, age-related tissue

changes. Additionally, a nonparametric Mann-Whitney U test was used to assess whether injury severity (BIST scores) differed significantly

between iron-abnormal and iron-normal mTBI participants, excluding mTBI-17 for this analysis only due to missing BIST data (see Table 1).

Results

Regional individualised subcortical iron profiles

Of the 35 total mTBI participants, 15 (43%) exhibited significantly higher z-scores than the healthy population template in at least one ROI (see

Table 2, Fig. 2.2A and Fig. 2.2B). Among these “iron-abnormal” participants, 87% expressed abnormal iron markers inclusive of hippocampal ROIs,

which frequently involved the parasubiculum. In contrast, only 60% of participants had abnormal iron markers inclusive of basal ganglia subregions.

These abnormal markers were characterised by a relatively narrow distribution of z-scores across the available basal ganglia segmentations, with

abnormal z-scores most commonly observed in the mammillary nucleus.

In addition to the high incidence of elevated z-scores in the hippocampal parasubiculum and basal mammillary nucleus, both of which were

affected in approximately half of the 15 participants with abnormal iron markers (47%), relatively lower incidences of iron-related abnormalities

were apparent in the hippocampal fimbria (27%), presubiculum and HATA (20% each) (see Fig. 2.2A and Fig. 2.2B). Less frequently affected

ROIs included the hippocampal CA4 region and hippocampal fissure, as well as the basal nucleus accumbens and ventral pallidum, each with a

13% incidence rate. The basal SNc, PBP, hypothalamus, VTA, subthalamic nucleus, and hippocampal subiculum exhibited only isolated instances

of elevated susceptibility across the whole iron-abnormal cohort. Only two hippocampal ROIs exhibited no significant deviations from the healthy

normal distribution for any mTBI participant; the hippocampal tail and CA3. In contrast, no abnormal iron profiles were identified for several major

basal subregions, including the putamen, caudate, globus pallidus (both internus and externus), red nucleus, SNr, and extended amygdala.

Only one participant (mTBI-18) had a z-score below the healthy control range, showing a z of -2.0 in the CA1 region. This case also represents

the sole instance of CA1 involvement (see Table 2, Fig. 2.2A and Fig. 2.2B).
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Table 2: Summary of significant ROI-wise z-scores and symptomatology for iron-abnormal sr-mTBI participants in
the basal ganglia and hippocampal subfields

ID Segmentation ROI z-score Presenting symptoms

mTBI-01 Hippocampus:
Basal Ganglia:

Parasubiculum
Mammillary Nucleus

+3.7
+4.3

Initial emesis, followed by severe tinnitus and phonophobia, vertigo, cephalalgia, cervicalgia, photophobia, visual disturbance,
cognitive impairment, confusion, concentration issues, memory deficits, irritability, restlessness, fatigue, and sleep disturbance.
Moderate vestibular dysfunction and ataxia were also noted

mTBI-04 Hippocampus: Parasubiculum +2.4 Moderate cervicalgia and photophobia. Mild cephalalgia, ataxia, cognitive impairment, confusion, concentration issues, memory
deficits, sleep disturbance. Additional clinical notes include vertigo and confusion at onset

mTBI-10 Hippocampus: Parasubiculum +5.8 Moderate cephalalgia, photophobia, vertigo, visual disturbance, fatigue, sleep disturbance. Mild cervicalgia, phonophobia,
vestibular dysfunction, ataxia, cognitive issues, memory deficits, confusion, concentration issues, irritability, and restlessness.
Additional clinical notes include hand numbness, pins and needles

mTBI-11 Hippocampus:
Basal Ganglia:

Parasubiculum
Mammillary Nucleus

+2.9
+4.1

Severe photophobia. Moderate cervicalgia, restlessness, fatigue, and sleep disturbance. Mild cephalalgia, phonophobia, vertigo,
vestibular dysfunction, ataxia, visual disturbance, cognitive impairment, concentration issues, memory deficits, confusion, and
irritability

mTBI-12 Hippocampus: Presubiculum
CA4
Fimbria
Hippocampal Fissure

+2.8
+2.1
+3.1
+3.6

Mild cephalalgia, cervicalgia, photophobia, phonophobia, cognitive dysfunction, concentration issues, irritability, fatigue

mTBI-17 Hippocampus:
Basal Ganglia:

Parasubiculum
Mammillary Nucleus

+4.0
+11.0

No BIST. Clinical notes include transient mental fog, bradyphrenia, indecisiveness, and vestibular dysfunction

mTBI-18 Hippocampus:

Basal Ganglia:

Presubiculum
Subiculum
CA1
CA4
Fimbria
Hippocampal Fissure
Mammillary Nucleus

+3.1
+2.5
-2.0
+2.9
+13.1
+4.0
+3.4

Moderate phonophobia, photophobia, visual disturbance, concentration issues. Mild cephalalgia, vertigo, vestibular dysfunction,
ataxia, cognitive impairment, memory deficits, irritability, fatigue, and sleep disturbance. Additional clinical notes include
disorientation, nausea, and impaired thought

mTBI-19 Basal Ganglia: Nucleus Accumbens +3.4 Moderate cognitive impairment, concentration issues, fatigue, and sleep disturbance. Mild cephalalgia, photophobia, memory
deficits, and confusion. Additional clinical notes include being dazed at time of injury

mTBI-21 Hippocampus: Fimbria +4.4 Mild cephalalgia, photophobia, vertigo, cognitive impairment, memory deficits, concentration issues, fatigue, and sleep distur-
bance

mTBI-24 Hippocampus: Parasubiculum +6.1 Moderate cervicalgia, photophobia, phonophobia, vertigo, vestibular dysfunction, ataxia, cognitive impairment, memory deficits,
confusion, concentration issues, irritability, restlessness, and fatigue. Mild cephalalgia, visual disturbance, sleep disturbance

mTBI-27 Hippocampus:
Basal Ganglia:

HATA
Nucleus Accumbens
Ventral Pallidum

+2.7
+3.2
+2.8

Severe fatigue and sleep disturbance. Moderate cognitive impairment. Mild cephalalgia, photophobia, phonophobia, vestibular
dysfunction, memory deficits and concentration issues. Additional clinical notes include anxiety

mTBI-28 Hippocampus:
Basal Ganglia:

HATA
Mammillary Nucleus

+4.6
+3.3

Moderate cephalalgia, photophobia, phonophobia, restlessness, fatigue and sleep disturbance. Mild cervicalgia, vertigo, vestibular
dysfunction, ataxia, cognitive impairment, concentration issues, and memory deficits. Additional clinical notes include nausea,
reduced tolerance to physical and cognitive exertion, and impaired coordination

mTBI-30 Basal Ganglia: Ventral Pallidum
Mammillary Nucleus

+2.9
+2.7

Fatigue

mTBI-31 Hippocampus: Presubiculum
HATA
Fimbria

+3.3
+2.8
+5.2

Moderate fatigue and sleep disturbance. Mild cephalalgia, photophobia, cognitive impairment, concentration issues, irritability
and restlessness

mTBI-32 Hippocampus:
Basal Ganglia:

Parasubiculum
SNc
PBP
VTA
Hypothalamus
Mammillary Nucleus
Subthalamic Nuclei

+4.5
+2.9
+3.9
+3.1
+5.2
+3.5
+3.0

Moderate cephalalgia, cervicalgia, phonophobia, cognitive impairment, confusion, concentration issues, memory deficits, restless-
ness, and fatigue. Mild photophobia, vertigo, vestibular dysfunction, visual disturbance, ataxia, irritability, and sleep disturbance.
Additional clinical notes include being dazed

Note. Presenting symptoms are primarily derived from BIST injury severity assessments and supplemented with additional clinical patient notes made upon

presentation of participants to Axis Sports Medicine clinics. Only participants with abnormal iron profiles are included for brevity and relevance. ID = unique identifier;

ROI = region of interest; CA = cornu ammonis; HATA = hippocampal-amygdala transition area.
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Fig 2: Segmentations and individualised profiles for abnormal subcortical iron markers

1. Visualisation of basal ganglia and hippocampal subfield segmentations. A. Axial (A) slices of the CIT168-MNI152 T1w brain template depicting segmentations of

the basal ganglia and hippocampal subfields, selected to optimise structural visualisation. B. 3D renderings show superior (S) and inferior (I) views of the segmented

regions, with key subcortical structures labelled in their respective colours. 2. Significant deviations in subcortical iron markers for each sr-mTBI participant relative

to the healthy control population. A. Axial views of the CIT168-MNI152 T1w template highlight significant subcortical ROIs for each participant, shown in the

segmentation colours. B. 3D renderings highlight regions with significantly elevated (red) or reduced (blue) z-scores to show regions with abnormal iron profiles; all

other regions are greyed out. CA = cornu ammonis; GP = globus pallidus (GPi = internus; GPe = externus); SN = substantia nigra (SNc = pars compacta; SNr = pars

reticulata); PBP = parabrachial pigmented nucleus; VTA = ventral tegmental area.

On aggregate, incidence rates of abnormal iron markers tended to cluster around the midline, in commissural nuclei, and inferior regions (see

Fig. 3). A particularly high concentration was observed in the hippocampus, which is located inferior to the basal ganglia. Within the hippocampus,

prevalent abnormal iron markers were observed near the anteromedial aspect of the hippocampus (the hippocampal head), decreasing in frequency

laterally and toward the distal tail. In contrast, more superior regions, including the dorsal aspect of the hippocampus and the basal ganglia

(excluding the mammillary nucleus) appeared to be less affected.

9

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 28, 2025. ; https://doi.org/10.1101/2025.04.28.25326522doi: medRxiv preprint 



Fig 3: Aggregated regional incidence of abnormal iron markers

This figure presents a 3D model of relative incidence rates aggregated across the “iron-abnormal” mTBI population from a superior (1) and inferior (2) view. Incidence

rates are represented in grey scale (high: black; low: white). A. Depicts the hippocampus in isolation. Anteromedial, and commissural (i.e., the fimbria) structures of the

more inferior hippocampus show a higher incidence of abnormal z-scores than more superior or lateral structures. The medial aspect of the anterior hippocampal head

is more frequently affected than lateral regions or the more distal tail. B. Depicts the basal ganglia in isolation. Substructures of the superiorly-situated basal ganglia

show relatively lower rates of abnormal iron markers than the underlying hippocampal formation, with affected regions also primarily located in relatively more inferior

and structures near the midline. C. Provides a combined view integrating both hippocampal and basal ganglia regions. The CA1 region has been omitted due to negative

z-score.

After subdividing the mTBI participants into iron-normal (20/35; 57%) and iron-abnormal (15/35; 43%) sub-groups based on their individual

profiles, a one-way ANOVA showed no significant differences in age between the three groups (iron-normal mTBI, iron-abnormal mTBI, and

controls), F(2, 32) = 1.12, p = 0.3. A Mann-Whitney U test revealed no significant difference in BIST scores between iron-normal (M = 35.6, SD =

30.8) and iron-abnormal (M = 41.7, SD = 34.5) mTBI participants, U = 120, p = 0.5.

Patterns between symptoms and subcortical iron-related markers

This section is included for descriptive purposes, and relates to observations rather than results of inferential statistics. Elevated iron markers with

hippocampal involvement presented alongside self-reported cognitive symptoms (including cognitive impairment, memory deficit, concentration

issues, confusion, and clinical notes related to mental fog and bradyphrenia). Disturbances in arousal (fatigue and sleep) and sensory sensitivities

(including headache, photophobia, and phonophobia) were reported by 92% of participants with hippocampal abnormalities. Vestibulo-ocular

dysfunction (including vestibular symptoms, vertigo, ataxia, and visual disturbance) were slightly less common in this cohort (85%), followed by
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mood disturbances (77%). Participants with elevated hippocampal iron markers that included the parasubiculum reported cognitive impairment and

vestibulo-ocular symptomatology at a 100% incidence rate. Elevated iron markers in the mammillary nucleus, which almost invariably co-occurred

with hippocampal regions and rarely with other basal regions, was also associated with high incidences of cognitive symptoms and vestibulo-ocular

disturbances, as well as issues related to arousal (86% each). In contrast, relatively lower frequencies of all symptom clusters were reported across

participants with abnormal iron markers inclusive of basal ganglia subregions. Cognitive impairment and arousal disturbances occurred in 89%

of these participants, vestibulo-ocular and sensory dysfunctions in 78% each, and mood disturbances in 67% (see Table 2 for all symptom/region

information).

Discussion

Group-level analytic methods currently dominate the field of clinical research.57 However, the suitability of this approach for comprehensive un-

derstanding of neuropathology, particularly in the context of mTBI, may be limited. By focusing on population-level effects, subtle, yet clinically

meaningful, inter-individual differences in pathophysiology may be overlooked. To advance the current understanding of deep grey matter iron

aggregation in acute mTBI, we conducted the first dedicated individualised analysis of positive susceptibility in subcortical brain regions. De-

tailed segmentations of the basal ganglia were integrated with comprehensive delineation of the hippocampal subfields; an approach designed to

overcome the anatomical limitations of previous group-level QSM investigations. Iron markers across 15 basal ganglia segmentations and 10 hip-

pocampal subfields for individual mTBI participants were assessed relative to a normative control population using z-scores, enabling identification

of subcortical regions where iron markers significantly deviated from a healthy reference range.

Results revealed abnormal subcortical iron profiles in approximately half of the mTBI sample, most of which involved at least one hippocampal

subfield. Hippocampal abnormalities were not only observationally linked to a high incidence of cognitive symptoms, but were also associated with

more frequent occurrence of all symptom clusters relative to participants whose abnormal profiles involved the basal nuclei. Among the hippocampal

subregions, the parasubiculum was both the most prevalent ROI to be affected, and universally accompanied self reported cognitive and vestibulo-

ocular symptoms. For iron-abnormal mTBI participants with basal ganglia involvement, elevated iron markers in the mammillary nucleus were also

prevalent, occurring at the same incidence rate as markers in the parasubiculum across the entire iron-abnormal cohort. Significant z-scores in the

mammillary nucleus most often co-occurred with hippocampal abnormalities or in isolation, rather than concomitant with abnormal z-scores in other

basal nuclei. Symptoms related to cognitive, arousal, and vestibulo-ocular dysfunction were the most frequently reported symptoms among mTBI

participants with mammillary nucleus involvement. Statistical analysis of injury severity scores between iron-normal and iron-abnormal mTBI

participants revealed no significant differences, suggesting that although abnormal subcortical iron profiles may be observationally associated with

specific symptom phenotypes, they may not be directly related to injury severity on aggregate.

Regional injury vulnerability in the hippocampus

The extensive white matter connections between the basal ganglia and both cortical and subcortical structures87, 88 increase vulnerability to shear

and strain in these regions during mTBI.10 This excessive biomechanical loading may also alter iron expression via secondary injury mechanisms.6

In addition, the naturally high levels of iron in these nuclei, which under normal conditions support metabolic functions,6, 14, 65 may exacerbate

risk of trauma-induced cytotoxicity mediated by iron.89 However, the higher incidence rates of iron-related abnormalities observed in hippocampal

regions compared to the basal ganglia in this individualised study suggest that the prevailing focus on basal structures in the extant literature may
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represent a critical oversight. Instead, results presented here indicate that the underlying hippocampus, and possibly the surrounding cerebrum,60

may instead afford the basal ganglia a relative degree of structural protection from injury (see Fig. 4).

Despite the medial temporal lobe’s known vulnerability to traumatic insult,90, 91 the hippocampus remains under-studied in QSM-based in-

vestigations of mTBI. Viewed in the context of the broader literature, the general predilection for hippocampal iron-related abnormalities across

participants in this study indicate local changes to magnetic susceptibility that may be related to iron-driven secondary injury mechanisms6, 15 con-

gruent with regional vulnerability of the hippocampus to mechanical deformation in TBI.91 Both acute and chronic pathophysiological sequelae

associated with hippocampal regions following mild-to-severe traumatic injury can include cytotoxic secondary injury, disruptions to vascular and

metabolic function, diffuse axonal injury of afferent and efferent fibers, and even chronic traumatic encephalopathy (CTE)-associated tauopathy

and focal atrophy as a downstream pathological event,90, 92 for which iron overload may be a mediating factor.6–8, 93 On aggregate, the results of the

present study suggest that the hippocampus is a primary site of mTBI-related pathophysiological processes.

Towards a region-of-risk model of mTBI

The distinct, subfield-specific patterns that emerged when abnormal iron markers were aggregated across participants highlights not only the

hippocampus but also specific subfields and spatial locations as regions with heightened vulnerability to injury. Injury biomechanics and morphology

of the skull base may contribute to increased mechanical loading and strain, focal tissue damage, and a resultant dynamic cascade of secondary

injury mechanisms which may include altered iron signalling in select vulnerable, and interconnected, regions (see Fig. 4). Specifically, the

concentration of iron markers in the parasubiculum, mammillary nucleus, and fimbria support and extend findings from a previous group-wise

cortical QSM investigation61 which demonstrated localisation of abnormal positive susceptibility values to the adjacent parahippocampal gyrus.

Anatomically, the head of the hippocampus is situated approximately 2 cm from the irregular sphenoid ridge at the junction of the anterior

and middle cranial fossa, and is particularly susceptible to mechanical deformation over this bony protrusion during impact.94 The parasubiculum,

as part of this region,95 may thus be more vulnerable to injury than hippocampal substructures located peripherally to this region of heightened

injury risk (e.g., the subiculum) or in the more distal hippocampal tail. This observation is supported by a high degree of spatial overlap between

areas of varying injury vulnerability, as informed by cranial-dural architecture and injury biomechanics, and the relative incidence rates of abnormal

z-scores observed here which cluster at the anterior aspect of the hippocampus (the hippocampal head), and diminish with proximity to this region

(see Fig. 4). These results are also congruent with prior research noting the anterior aspect of the medial temporal lobe as a region of risk.94, 96 Data

from investigations of temporal lobe epilepsy suggests that parasubicular neurons are hyper-excitable,97 which may contribute to iron accumulation

as a consequence of excitotoxicity in mTBI,7 further exacerbating regional risk. Additionally, the contribution of iron deficiency to neuron loss14

provides a plausible explanation for the abnormally low z-score observed in the hippocampal CA1 region of a single participant in this study,

reinforcing a hippocampus-specific model of tissue disruption.

Beyond the medial temporal lobe, midline and commissural structures, including the fornix, are increasingly recognised as regions prone

to excessive biomechanical loading during sr-mTBI impacts, and have been associated with memory and cognitive impairments in 30-50% of

cases and removal from play in 30%.98 Damage to midline structures has also been cited as a risk factor for subsequent mTBI,99 and although

these observations were not directly related to the structures under investigation in the present study, the incidence of abnormal iron markers

in the mammillary nucleus and fimbria observed in this sample is nonetheless noteworthy. The fimbria is a key component of the fornix; a

commissural tract not only connecting the bilateral hippocampus, but the hippocampus to the mammillary bodies.94, 100 Evidence of dyshomeostatic
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mechanisms focal to this region may be related to head kinematics during impact, whereby rotational forces are a likely cause of strain-related

diffuse injury,101, 102 which may be particularly damaging to the fornix98 and related nuclei. In addition, the mammillary bodies, located on the

inferior aspect of the diencephalon, are paired structures that sit on either side of the midline and are connected by the intermammillary sulcus.103

These nuclei are also related to the commissural fornix, forming the terminals of its anterior pillars.104

Degeneration of both the fornix and mammillary bodies has been extensively documented in TBI, which is attributed to medial temporal

lobe trauma and disruption of these regions as downstream targets.94 The mammillary bodies receive projections from the parasubiculum,104 and

abnormal iron markers in this region may represent a more subtle, but pathologically significant, manifestation of degenerative excitotoxic processes

that exist on a continuum with more severe TBI. The interconnection of these two regions may not only explain equivalent incidences of iron-related

abnormalities in these regions, but their frequent co-occurrence within individual participant results (see Table 2). Taken together, these data not

only reinforce the importance of subfield-specific investigations of the hippocampus and granular segmentations of the basal anatomy, but also

provide evidence that sites of cellular distress signalling can be mapped to potential injury mechanisms via quantification of positive susceptibility

and the use of individualised analytic techniques. This lends support to the utilisation of individualised study designs to detect heterogeneous

changes in brain tissue content, and contributes to the current understanding of the relationships between potential iron overload, injury dynamics,

and mTBI pathophysiology.

Regional iron dysregulation, symptom cluster, and Papez circuit integration

Disruption to cellular integrity can impede function, resulting in changes to cognition and behaviour that may be related to specific injury biody-

namics and loci of neuronal injury.93 Although elevated subcortical iron markers were not associated with greater self-reported symptom severity,

and causal inference is precluded in this sample, the universal incidence of symptom clusters within the cognitive domain among participants with

abnormal hippocampal iron markers is consistent with extant literature linking memory and cognitive deficits to medial temporal lobe damage90 and

iron dyshomeostasis.7, 9 In addition to the general concentration of abnormal iron markers within the hippocampal subfields broadly, the mammillary

nucleus and parasubiculum emerged as consistent sites of abnormal iron loading which could speculatively be related to symptom phenotype.

Although the specific role of the parasubiculum in mTBI-induced pathology and associated symptomatology remains under explored, its

involvement in key pathways mediating cognitive and vestibulo-ocular functions may offer a plausible explanation for clinical deficits reported by

participants presenting with abnormal iron profiles in this region. Participants with elevated iron markers in the mammillary nucleus also reported

similar symptoms, with an additional high incidence of arousal disturbances (see Table 2). Functional and structural connectivity between these

two regions104, 105 may account not only for the overlapping symptomatology, but also for the frequent co-occurrence of abnormal iron markers.

As part of the subicular complex, the parasubiculum occupies a central position in the medial temporal lobe memory system, supporting

memory formation.106, 107 This is exemplified by observations of pyramidal cell loss and the formation of severe neurofibrillary tangles (NFTs)

in the parasubiculum in Alzheimer’s disease (AD)108 with memory loss as a central feature.109 The parasubiculum also plays a critical role in

spatial information processing. 110, 111 This region is anatomically and functionally connected to the area prostriata, which projects to visual, motor,

and auditory regions,106 and interfaces with the entorhinal cortex, a region critical for both memory formation and integration of vestibular and

directional cues in spatial navigation.107, 112 Directional and spatial orientation signals are further modulated by connections to the mammillary

bodies. “Head-direction” cells responsive to head orientation and spatial encoding in the presubicular and parasubicular cortices110, 111, 113 transmit

signals to the lateral mammillary nucleus to facilitate navigation and orientation.114
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Fig 4: Spatial alignment between regions of heightened injury risk and abnormal iron markers

This figure highlights the anatomical alignment between structural vulnerability and impact biomechanics with aggregate iron markers in subcortical brain regions across

“iron-abnormal” mTBI participants. 1. Visualises the cranial base from a superior view. Key regions of mechanical risk, including the sphenoid ridge and midline zones,

are highlighted in red. 2. Provides a 3D render showing spatial alignment between regions of risk and incidence rates of abnormal iron markers across the sample.

This model provides a visualisation of the vulnerability of inferior structures, particularly in the anterior aspect proximal to the sphenoid ridge, as well as midline and

commissural regions, to cranial impact, strain, and force transmission. The basal ganglia, shielded from below by the hippocampus and from above by the cerebrum,

may be afforded more protection from injury. The CA1 region has been omitted due to a negative z-score.

The mammillary bodies also serve as a central pathway for memory processes. In addition to receiving hippocampal outputs via the fornix,100

the mammillary bodies relay these signals to the anterior thalamic nuclei through the mammillothalamic tract.115 This relay function is a critical

component of the Papez circuit central to emotion and memory.116 Damage to this fundamental network has been associated with a variety of

neurological disorders that have cognitive impairment as a defining feature, including AD, Parkinson’s disease (PD), semantic dementia, and global

amnesia.116, 117 Atrophy of the mammillary bodies is also distinguishing feature of Korsakoff syndrome, a degenerative neurological disorder related

to chronic alcohol abuse which is characterised by episodic memory deficits,114 and linked to dysfunction within Papez circuit.117 Within the context

of mTBI, pathology of the mammillary bodies has been cited as an antecedent of memory impairment stemming from Papez circuit disconnection

in retired athletes with a history of repetitive mTBI.118 By extension, it is plausible that similar symptoms reported by participants with evidence of

iron accumulation in these key, highly interconnected, regions might arise from dysfunction of these central circuits.

Finally, the high incidence of issues related to arousal also reported by participants with abnormal iron markers in the mammillary nucleus could

speculatively be attributed to disruption of histaminergic neurons within the mammillary bodies that regulate arousal and wakefulness. Damage to

these neurons has been identified as a mediating factor in sleep dysregulation following mTBI,119 corroborating this hypothesis.
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The potential of an individualised approach for enhancing research and clinical care

Collectively, the distribution of abnormal iron markers across subcortical nuclei suggests a region-of-risk model informed by injury biomechan-

ics and a complex interplay with cranial and dural architecture (see Fig. 4). It is well-established that different biomechanical forces give rise

to heterogeneous and dynamic injury cascades, complicating the study of mTBI pathophysiology.93, 120 The results presented here suggest that

characterising dyshomeostatic iron signalling at the individual level may serve as a viable proxy for secondary injury mechanisms occurring in a

subset of individuals, and at specific spatial locations. These data indicate that mTBI induces iron overload in at least one subcortical region for

43% of participants with mTBI. Taken together with the lack of identifiable differences in positive susceptibility between mTBI participants and

controls in a previous extensive group level investigation44 and in the literature more broadly,30–36 this finding suggests that iron dyshomeostasis in

the deep grey matter may not constitute a feature of mTBI generalisable to all cases. However, the use of individualised modelling likely enables

identification of instances at the single-subject level where iron accumulation may be occurring, providing biologically informative results that are

otherwise lost to averages. This suggests that targeted interventions, for example heavy metal chelation therapies,121–125 may be beneficial for

some individuals, emphasising importance of identifying individual variation that could inform the development of future clinical trials and specific

treatment strategies.57 In addition, leveraging inherent tissue susceptibility variations has the potential to identify not only specific injury patterns

but also individuals at elevated risk of suboptimal recovery, subsequent injury, or localised tissue pathology, provided that study designs are suitably

responsive. The observed relationships between loci of abnormal iron markers and symptom clusters also alludes to the potential of individualised

approaches to elucidate how distinct patterns of cellular disruption may be related to specific clinical phenotypes.

As an extension of the same logic, the relative under representation of abnormal iron markers in the CA4 in this sample, coupled with the

observation of decreased negative susceptibility for mTBI participants in this region in prior group-level analyses,44 suggests that while the CA4

may be vulnerable to disruption of negative susceptibility sources, mechanisms of iron dyshomeostasis in this region are less prevalent. This, in

turn, highlights the utility of group-wise analyses to identify potential signatures of mTBI that are congruent with established disturbance of hilar

cell populations in head injury45–48 and temporal lobe epilepsy.49 These convergent data underscore the importance of tailoring the analytic strategy

choices to the research objective.

This work also underscores inherent limitations of the standard methodological focus prevalent in contemporary QSM-based mTBI research.

Specifically, identifying hippocampal subfields and the mammillary nucleus as primary loci of acute, iron-related mTBI pathophysiology suggests

that prior research concentrated only on major basal ganglia structures,30–33, 35 or using gross hippocampal segmentations,34, 36 is likely insensitive

to discrete regions differentially affected by injury. At minimum, this work highlights the need to incorporate both individualised analyses and

detailed segmentations into future research designs to improve understanding of regional, inter-individual tissue content changes following mTBI,

and provides evidence that calls for the scientific community embrace new paradigms that account for injury heterogeneity120 and more detailed

segmentations6 are well-founded.

Lastly, the congruence between dominant spatial distributions of abnormal iron markers in this sample and diagnostic features of CTE are

concerning given the putative relationship between the two.68, 126, 127 In particular, the presence of NFTs in the hippocampus and mammillary bodies

is diagnostic of CTE and CTE burden (high versus low).92 Identifying these specific regions as common locations of potential iron dyshomeostasis

in mTBI raises further questions about the interrelatedness of acute cascades that may present as later-life pathology in a subset of individuals.
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Limitations and future research

There is a lack of any widely established best-practice method to normalise the HC z-distribution and other individualised QSM research has

employed less stringent filtering at three times IQR to detect more severe TBI pathology.53 Future research would benefit from standardised

practices for outlier detection. The mammillary nucleus, in particular, was more extensively filtered than other regions. This may have contributed

to a greater proportion of abnormal z-scores in this region, despite a residual sample size that is still more robust than other comparable studies.53

In addition, the use of nonparametric approaches for between-group comparisons of iron-normal and iron-abnormal mTBI participants is limited

by the inherent challenges associated with small and unequal sample sizes, which may compromise the statistical power and reliability of these

findings; thus, the results of the Mann-Whitney U test to investigated differences in injury severity scores should be interpreted with caution.

Natural age-related increases in subcortical iron can also be particularly pronounced within this specific age range,65 and although the ages

of the HC and mTBI participants were closely matched, some confounding effects may still be introduced. For example, the relative under

representation of abnormal iron markers in the basal substructures (with the exception of the mammillary nucleus) may be related to the potential

confounding effects of age-related increases in iron. These effects may be particularly relevant in regions known to exhibit elevated iron content

during normal ageing such as the red nucleus, substantia nigra, globus pallidus, putamen, and caudate,62, 63, 65–67 many of which showed no evidence

of abnormal individualised iron markers compared to the HC population. Despite the lack of statistically significant age differences between groups

in all relevant analyses, it is still possible that age-related variability in regional iron content may yield an inherently broader normative distribution,

thereby confounding identification of abnormal iron markers in the mTBI cohort.

Although this study used detailed segmentations, some structural limitations remain. For instance, the mammillary bodies comprise functionally

and structurally distinct subregions. Evidence from murine models suggests that head-direction cells are present in the lateral, but not medial,

mammillary nuclei.114 Future investigations should consider additional segmentation granularity, whilst balancing the need to detect subregion-

specific pathophysiology and challenges related to multiple comparisons. In addition, individualised approaches should integrate additional MRI

imaging modalities, for example, to investigate white matter pathway integrity as a marker of axonal injury (e.g., by diffusion MRI) and/or functional

connectivity via functional MRI. A multi-modal approach would facilitate a deeper understanding of how specific tracts, networks, and nodes are

implicated in injury-related pathophysiology and symptomatology, and how this may relate to patterns of cellular disruption in grey matter on QSM.

The use of single-echo data for QSM reconstruction inhibits the application of true intra-voxel magnetic source separation.128–133 While inter-

voxel thresholding has been applied to investigations of AD81 and healthy ageing82 with meaningful results, this approach does not distinguish the

heterogeneous susceptibility sources within voxels, constraining inference at the biological level. Lastly, the identification of relationships between

abnormal regional iron markers and symptomatology made here were observational only; the small sample size and some ambiguity in self-reported

symptoms precludes the use of inferential statistics. Additional intra-individual overlap in abnormal z-scores in basal and hippocampal ROIs also

inhibits precise delineation of the relationship between basal versus hippocampal z-score clusters and clinical symptom phenotype. The reader

should bear in mind that any inferences are speculative, and do not represent a one-to-one symptom-to-ROI mapping.

Conclusions

This study presented the first dedicated individualised QSM investigation of iron-related tissue content changes in subcortical grey matter regions

following mTBI. The results highlighted the inter-individual heterogeneity in regional iron markers, and underscored the vulnerability of specific
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hippocampal subfields congruent with established regions-of-risk in the TBI literature. Injury severity was not significantly different between mTBI

participants presenting with abnormal iron markers and those who did not, however, iron-related markers localised to certain hippocampal subfields

and the mammillary nucleus appeared to be related to distinct clinical phenotypes. These results support the use of analytic techniques sensitive to

inter-individual variation to identify instances of injury-induced grey matter micropathology, which have been largely absent from the group-wise

QSM investigations of mTBI that have been conducted to date.
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...If you can force your heart and nerve and sinew

To serve your turn long after they are gone,

And so hold on when there is nothing in you

Except the Will which says to them: ‘Hold on!...’ 1

1 Rudyard Kipling. If.
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