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Preface

Neuroimaging has developed rapidly. Ultrasound, computed tomography (CT)
scanning, magnetic resonance imaging (MRI), functional MRI, 7T MRI, and digital
subtraction angiography provide high-resolution acquisitions and better contrast,
making it easier to detect lesions and structural changes in brain disorders. The target
disorders for neuroimaging range from tumoral diseases to vascular, neurodegenera-
tive, and psychiatric disorders, including Alzheimer’s disease, Parkinson’ disease,
multiple sclerosis, epilepsy, major depressive disorder, and schizophrenia. The ability
of electroencephalogram and magnetoencephalogram to detect changes in brain
functioning for other dementias suggests that they may also be promising biomarkers
for early vascular cognitive impairment. In recent years, machine learning has had
notable success in providing automated analyses of neuroimaging studies, and its role
is likely to increase in the future. It is paramount for clinicians to understand these
approaches, gain facility with interpreting machine learning results, and learn how to
assess algorithm performance. This book presents a narrative review of these topics
and an illustrative presentation of images. We expect neuroimaging to provide a new
biomarker for various brain disorders.

We would like to thank all the authors for their contributions. We would also like

to acknowledge the encouragement, motivation, and assistance from the Beijing
Municipal Administration of Hospitals Incubating Program (PX2020039), Beijing,
China and Tsinghua Precision Medicine Foundation (20219990008), Tsinghua
University, Beijing, China. We are grateful to Author Service Manager Romina Rovan
at IntechOpen for her dedication and hard work to ensure the smooth publication

of this book. Finally, we owe a debt of gratitude to Professor Zhongcheng Wang,
academician of the Chinese Academy of Engineering and the founder and pioneer

of Chinese neurosurgery, for without his tireless efforts over the decades Chinese
neurosurgery would not be what it is today.

Xianli Lv

Department of Neurosurgery,

Beijing Tsinghua Changgung Hospital,
School of Clinical Medicine,
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Chapter1

Introductory Chapter: Advances in
Neuroimaging

Xianli Lv

1. Introduction

For over a century, scientists have been working hard to observe the living brain
through the protective cover of the human skull, such as X-ray in 1918, ventriculography
with contrast agent, pneumoencephalography in 1919, and cerebral angiography in
1926. The emergence of computed tomography (CT), magnetic resonance imaging
(MRI), and digital subtraction angiography (DSA) has gradually replaced these exami-
nation methods [1-3]. Nowadays, a series of technologies enable researchers and clinical
doctors to create stunning detailed images of our brain structure. Neuroimaging tools,
including ultrasound, CT, MRI, functional MRI, DSA, positron emission tomography
(PET), and single photon emission computed tomography (SPECT), play a fundamen-
tal and important role in neurosurgical and neurological treatments of brain and spine
pathologies (Figure 1) [1-3].

2. Traumatic brain injury

Traumatic brain injury (TBI) is the main cause of morbidity and mortality
worldwide [4]. Imaging plays a crucial role in the evaluation and diagnosis of TBI,
particularly in its triage role in acute situations to determine which patients require
emergent neurosurgical intervention [4]. The damage caused by TBI can be divided
into primary and secondary mechanisms [4]. Primary injury is usually defined as
direct mechanical injury caused by trauma. These injuries are usually acute and
obvious, including fractures, intracranial hemorrhage, contusions, and traumatic
axonal injuries [4]. This type of injury is best detected using traditional CT and MR
structural imaging techniques [5].

Traumatic arterial injury can be caused by various mechanisms, including tear-
ing caused by fracture fragments, blunt or penetrating trauma, and arterial strain
[4]. The likelihood of intracranial carotid artery and vertebral artery injury is much
lower than that of cervical segment injury [4]. Skull base fracture is one of the most
common causes of arterial injury—the appearance of skull base fractures on CT
should always prompt consideration of CT angiography (CTA) or MR angiography
(MRA) for further evaluation [4]. In some cases, routine angiography may be neces-
sary, especially when the lesion is mild or endovascular treatment is chosen (such
as severe bleeding, nosebleeds, or carotid-cavernous fistula) [4]. Molecular markers
have potential applications in detecting and monitoring the progression of TBI, with
a particular emphasis on microRNAs as a novel molecular regulator for neural tissue
damage and repair [4].
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Figure 1.

The chart of the continual advancements in neuroimaging modalities.

3. Brain tumors

Neuroimaging plays a constantly evolving role in the diagnosis, treatment plan-
ning, and post-treatment evaluation of brain tumors. The MRI is commonly used in
the care of brain tumor patients [5]. The use of advanced MRI sequences for struc-
tural and functional imaging (such as perfusion imaging, functional MRI (fMRI),
and diffusion MRI (dMRI) sequences) provides basic information for the selection
of surgical candidates, customization of personalized surgical plans based on brain
structure and functional tissues, and prediction of postoperative functional outcomes
[5]. Emerging radiomics techniques will be implemented to improve the diagnostic
and prognostic effectiveness of neuroimaging data [5].

4. Functional neurosurgery

Accurate anatomical localization through neuroimaging techniques is crucial
for achieving optimal clinical outcomes in functional neurosurgery [5]. Imaging
guidance does represent the foundation of many increasingly invasive neurosurgical
treatments, primarily used for the treatment of tremors and chronic pain, but has
interesting prospects in the treatment of epilepsy, psychiatric disorders, and drug
delivery [5]. These structural, functional, and metabolic assessments include MRI,
PET, and magnetoencephalography (MEG).

The ablation of various central nervous system targets, especially deep brain
stimulation (DBS), is an established tool for treating motor disorders [6]. Accurate
targeting of the expected structure is crucial for optimal clinical outcomes. However,
most of the targets used in functional neurosurgery are suboptimal visualized on con-
ventional MRI. Specialized MRI sequences can usually visualize common anatomical
structures in DBS surgery to a certain extent, including 1.5-T field strength [6].
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The latest advances in neuroimaging, including the use of diffusion tensor imag-
ing, diffusion tractography, fMRI, and positron emission tomography (PET), provide
higher-resolution descriptions of the structural and functional connections between
regions of interest [7]. In addition, new neuroimaging techniques enable DBS patients
to be analyzed at the group level and delineate areas related to clinical benefits. These
regions may differ from traditional target nuclei and may correspond to the center of
white matter tracts or functional networks [7]. Advanced neuroimaging technology is
particularly important for guiding personalized DBS-targeted treatment of refractory
depression and obsessive-compulsive disorder, as the symptom characteristics and
potential disorder circuits of these diseases are more heterogeneous [7].

5. Neurodegenerative disorders

Neurodegenerative diseases include Alzheimer’s disease (AD), frontotemporal
lobe degeneration (FTLD), Parkinson’s disease (PD), and related diseases. The most
commonly used neuroimaging techniques for neurodegenerative diseases are MRI and
PET [8]. In neurodegenerative diseases, significant atrophy patterns on MRI are usually
disease-type specific. In addition, the emergence of PET tracers targeting amyloid and
tau, two major protein diseases in AD and other diseases, enables clinical trials to detect
and monitor disease progression and disease-specific targeting results early on [9].

The focus of other neuroimaging studies is on psychiatric disorders, including
anxiety, depression, addiction, and psychosis [9]. Recently, transcranial magnetic
stimulation has been proposed as a potential pathological treatment method and
biological probe for schizophrenia [9].

Non-central nervous system diseases and related treatments can have an impact
on the brain and cognition. For example, non-central nervous system cancers and
their chemotherapy and/or hormone therapy are associated with cognitive injury,
known as cancer-related cognitive impairment (CRCI). CRCI has been proven to be
associated with structural findings on MRI [10]. With the continuous development
of new cancer treatment methods, the impact of cancer and CRCI treatment on brain
structure, function, and cognition evaluated by neuroimaging is worth considering.

6. Cerebral and spinal vascular diseases

Intracranial aneurysms and vascular malformations are often found after intra-
cranial hemorrhage [11]. CT scanning is the most sensitive method for detecting
acute subarachnoid hemorrhage, parenchymal hemorrhage, and intraventricular
hemorrhage. The display of small aneurysms on MRI is inconsistent. DSA remains the
standard for fully and accurately describing patent aneurysms and arteriovenous and
venous malformations (Figure 2).

Giant aneurysms and thrombosed aneurysms present as mass lesions, which are
often detected on MRI as a screening examination [12]. MRI is usually more capable
of characterizing these lesions than CT or angiography. Patients with vascular mal-
formations with focal neurological symptoms and no bleeding are best evaluated
through MRI [13]. It is easy to prove patent vascular malformations, manifested as
flow void and other flow-related phenomena [14]. Hidden vascular malformations,
including thrombosed arteriovenous, venous, and cavernous malformations, as well
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Figure 2.

A zg;G—ymV—old woman with a ruptured posterior communicating avtery aneurysm was coiled. A, cranial CT
scanning showing the subarachnoid hemorrhage of the left supracellar cistern (arrow). B, lateral view of the left
internal carotid avtery injection. C, 3-D reconstruction of the left internal carotid artery injection. Showing the
aneurysm of the left posterior communicating artery (arrows). D, lateral view of the left internal carotid artery
injection showing the first 3-D coil was placed into the pseudo-aneurysm (arrow). E, lateral view of the left
internal carotid artery injection after aneurysm coiling showing the disappearance of the aneurysm (arrow). F,
unsubtracted image showing the coil mass (arrow).

as telangiectasia, are also best detected by MRI and are not visible during angiogra-
phy. The new advances in artificial intelligence and advanced imaging modes, such as
PET and MRI scans, have the potential to predict early outcomes in SAH [11].

The Flow-diverter device (FDD) is a next-generation stent placed in the par-
ent artery at the level of the aneurysm neck to disrupt flow within the aneurysm,
thereby facilitating thrombus formation within the aneurysm [15]. The use of
these stents is mainly suitable for unruptured aneurysms, especially aneurysms
located in the internal carotid artery, vertebral artery, and basilar artery, for fusi-
form and dissecting aneurysms, as well as for saccular aneurysms with large neck
and low dome-to-neck ratio. FDD treatment is a feasible and effective technique
for unruptured aneurysms with complex anatomical structures (fusiform, dissect-
ing, large neck, bifurcation with side branches), in which coiling and clipping are
difficult or impossible [16].

Endovascular therapy has completely changed the treatment of acute ischemic
stroke [17]. In the past few years, the indications for endovascular treatment have
expanded to include patients receiving treatment at extended windows, such as large
ischemic core infarction and basilar artery occlusion thrombectomy, as demonstrated
by several randomized clinical trials [18]. Simplifying the neuroimaging protocol
in the extended window to allow for non-contrast CT and CTA collaterals has also
expanded the scope of mechanical thrombectomy, especially in regions around the
world where advanced imaging may not be available.
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7. Spinal cord tumors

FMRI of the spinal cord utilizes various methods and stimulation schemes to gain
a deeper understanding of the healthy human spinal cord, laying the foundation for
its clinical research and practical application [19]. New fMRI techniques and new
knowledge about healthy human spinal cord have been established. Spinal cord fMRI
advancement and research will further enhance our understanding of various spinal
cord diseases and provide the foundation for evaluating existing and developing new
treatment plans [20]. Driven by these developments, studying pathology and injury
status within the spinal cord, such as fibromyalgia, multiple sclerosis, spinal cord
injury, and cervical spondylotic myelopathy, have provided in-depth insights into the
temporal processes of spinal cord injury and changes caused by injury, has become
the next important direction in spinal fMRI.

8. Tinnitus

Although tinnitus may originate from damage to the peripheral auditory appa-
ratus, its perceptual and painful symptoms are the result of changes in auditory,
sensory, and limbic neural networks. Understanding these complex changes can pro-
mote the development of targeted therapy. When the diagnosis of Meniere’s disease
is unclear, a new MRI technique that can describe the maze in detail may be useful.
The advancement of CT, MRI, and DSA has made diagnosis of cerebral aneurysmas,
arteriovenous malformations, and dural arteriovenous fistulas possible [15, 21].

9. Conclusions

In the past few decades, neuroimaging has evolved from anatomical imaging
to multimodal comprehensive anatomical and functional imaging. The minimally
invasive treatment possibilities of interventional neuroradiology, image-guided laser
ablation, and MRI-guided high-intensity-focused ultrasound will be used for the
treatment of brain and spinal pathology.
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Chapter 2

Preprocessing Techniques for
Neuroimaging Modalities: An
In-Depth Analysis

Alwin Joseph and Chandra Jayaraman

Abstract

Neuroimage analysis and data processing from various neuro-imaging modalities
have been a multidisciplinary research field for a long time. Numerous types of
research have been carried out in the area for multiple applications of neuroimaging
and intelligent techniques to make faster and more accurate results. Different modal-
ities gather information for detecting, treating, and identifying various neurological
disorders. Each modality generates different kinds of data, including images and
signals. Applying artificial intelligence-based techniques for analysing the inputs from
the neuroimaging modalities requires preprocessing. Preprocessing techniques are
used to fine-tune the data for better results and the application of intelligent methods.
Various techniques and pipelines/workflows (steps for preprocessing the data from
the imaging modalities) have been developed and followed by multiple researchers for
the preprocessing of neuroimaging data. The preprocessing steps include the steps
followed in removing noisy data from the inputs, converting the data to a different
format, and adding additional information to improve the performance of the algo-
rithm on the data. In this chapter, we compare the various neuroimaging techniques,
the type of data they generate and the preprocessing techniques that various
researchers frequently use to process data to apply them in artificial intelligence-based
algorithms for the classification, prediction, and prognosis of various neurological
disorders.

Keywords: neuroimaging, brain imaging, preprocessing techniques, neuroimaging
modalities, neurological disorders

1. Introduction

Neuroimaging or BRAIN Imaging is a technology used to capture the brain’s struc-
ture or part of the nervous system by various imaging techniques. Each neuroimaging
technique has unique methods of capturing the brain’s snapshot and helping doctors
diagnose neurological disorders. Different techniques are used for the identification
and confirmation of these neurological disorders. The doctors use multiple parameters
apart from the results from the neuroimaging modalities for concluding the disease;
however, the neuroimaging data plays a significant role in validating and helping the
doctors to form conclusions.

9 IntechOpen
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Neuroimaging uses quantitative methods to concentrate on the construction and
understanding of the capability of the focal sensory system, created as an objective
approach to logically focus on the sound human cerebrum harmlessly. Progressively it
is likewise being utilised for quantitative investigations of mind infection and mental
sickness. Neuroimaging is an exceptionally multidisciplinary research field and is
certainly not a clinical claim to fame.

Neuroimaging is likewise assisting us with understanding how the cerebrum cre-
ates from the outset through adulthood. Formative neuroscientists concentrate on the
neurobiological underpinnings of mental turn of events. Joining utilitarian propor-
tions of mind movement with social measures, they investigate what subtle early put-
downs to the sensory system mean for mental and profound capability further down
the road — for instance, the impacts of maternal ailment or youth disregard on
learning, memory and consideration further down the road. Imaging devices can also
take care of in the study hall: Utilising such devices, proficiency specialists have
shown that an extended period of severe and deliberate perusing guidance makes the
cerebrums of high-risk look capable like those of additional talented youthful people.

Making the computer learn from these imaging data and creating models that can
classify and predict the symptoms of neurological disorders is challenging as imaging
techniques provide data in different formats. The data passed as input for Machine
Learning (ML) and Deep Learning (DL) requires significant preprocessing to under-
stand these imaging data. Since the data generated from other imaging techniques are
additional, each design has unique methods for capturing and processing data.

Current neuroimaging strategies uncover both structure and capability. They dis-
cover the cerebrum’s life systems, including the honesty of mind structures and their
interconnections. They clarify its science, physiology, and electrical and metabolic
action. The most up-to-date devices show how various districts of the mind associate
and impart. They could show with split-second timing the grouping of occasions
during a particular cycle, like perusing or recalling.

For efficient data analysis, classification of the data points into categories or any
such application of any data, preprocessing is an essential step in preparing data for
analysis; the data from neuroimaging modalities must be equipped with the help of
various preprocessing steps to make it convenient for the machines to process and
analyse. Analysing and identifying the appropriate preprocessing techniques helps
improve the data’s applicability from the imaging techniques on ML and DL tech-
niques. Various neuroimaging modalities and preprocessing techniques are discussed
in this chapter to help understand the best practices across multiple use cases.

2. Neuroimaging modalities

Neuroimaging is the utilisation of neuroimaging innovation to gauge a part of
mind capability, frequently with the end goal of figuring out the connection between
movement in specific cerebrum regions and explicit mental abilities. It is an explora-
tion device in cognitive neuroscience, mental brain science, neuropsychology, and
social neuroscience [1]. Neuroimaging is a field of medication that includes utilising
different strategies to envision and concentrate on the construction and capability of
the cerebrum and sensory system. Several other neuroimaging modalities are used,
each with novel qualities and advantages.

The neurological disorder is identified, and the doctors plan the treatment with the
help of results from various neuroimaging techniques. Neuroimaging helps in

10
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gathering the structure and function of the brain. Different neuroimaging techniques
used for the prognosis of neurological diseases are discussed across many research
articles; [2, 3] listed various neuroimaging techniques and are mentioned in Table 1.
Out of the various neuroimaging techniques, the prominent neuroimaging modal-
ities used to study the brain and its functions are the below-mentioned techniques.

1. Magnetic vesonance imaging (MRI): MRI imaging uses a strong magnetic field and
radio waves to create detailed images of the brain and other body parts. It is a
non-invasive procedure commonly used to diagnose and monitor various
neurological conditions.

2. Computed tomography (CT): CT scans use X-rays to create detailed images of the
brain and other body parts. It is often used to diagnose brain injuries like
concussions or haemorrhages.

3. Positron emission tomography (PET): PET scans use a small amount of a
radioactive tracer to produce detailed images of the brain’s metabolic activity. It
can be used to identify brain tumours, evaluate the effectiveness of treatments
for neurological disorders, and study brain function.

4.Single-photon emission computed tomography (SPECT): SPECT scans use a
radioactive tracer to produce detailed images of brain activity. It is often used to
diagnose brain likes, such as stroke and brain tumours.

Neuroimaging Techniques

Magnetic Resonance Imaging (MRI)

Functional magnetic resonance imaging [fMRI]

Positron Emission Tomography (PET)

Magnetoencephalography [MEG]

Single-photon emission computed tomography [SPECT]

Electroencephalography [EEG]

Functional neuroimaging

Transcranial magnetic stimulation

In vivo magnetic resonance spectroscopy

Near-infrared spectroscopy [NIRS]

Functional near-infrared spectroscopy

Magnetic resonance imaging of the brain

Diffusion Tensor Imaging [DTI]

Diffuse Optical Imaging

Cranial ultrasound

Computerised Tomography (CT)

Optical coherence tomography (OCT)

Table 1.
Neuroimaging techniques.

11



Frontiers in Neuroimaging

5.Electroencephalography (EEG): EEG measures brain activity by recording the
brain’s electrical activity through electrodes placed on the scalp. It is often used to
diagnose epilepsy and other disorders that affect brain function.

6. Functional magnetic resonance imaging (fMRI): fMRI uses MRI technology to
measure changes in blood flow to specific brain areas, which can indicate brain
activity. It is often used to study brain function and to identify brain abnormalities.

7.Magnetoencephalography (MEG): MEG uses special sensors to measure the
magnetic fields produced by brain activity. It is often used to study brain
function and to diagnose brain disorders.

A neurological problem is a condition that influences the cerebrum, spinal rope,
and nerves and can disturb the body’s capabilities. Various imaging techniques men-
tioned above have a significant role in capturing neurological information for the
prognosis of various neurological disorders. The doctors use the results from multiple
imaging techniques to conclude the type of neurological disorders. Each method has a
unique way of capturing imaging information from the brain; some techniques cap-
ture the magnetic activity in the brain, and electron activity, while some methods use
X-rays to capture the images from the brain and to give the current overview of what
is happening in the brain concerning the neurological disorder.

There are various neurological disorders; some commonly identified and
researched neurological disorders [4] are listed in Table 2.

Out of the above-listed neurological disorders, the below-mentioned are the most
commonly found and studied neurological disorders [5-11]. Various imaging tech-
niques mentioned above are used in the diagnosis of these disorders.

* Stroke: Stroke occurs when blood flow to the brain is disrupted, causing brain
cells to die. Strokes can cause problems with movement, speech, and other
functions.

* Epilepsy: Epilepsy is a disorder that causes seizures and sudden bursts of electrical
activity in the brain. It can cause various symptoms, including convulsions, loss
of consciousness, and behavioural changes.

* Multiple sclerosis (MS): MS is a disease that damages the protective covering
around nerve fibres in the brain and spinal cord. This damage can cause various
symptoms, including muscle weakness, problems with balance and coordination,
and vision changes.

* Alzheimer’s Disease: Alzheimer’s is a progressive brain disorder that causes
memory loss and problems with thinking and behaviour. It is the most common
cause of dementia in older adults.

* Parkinson’s Disease: Parkinson’s disease affects a person’s movement. It is caused
by the loss of brain cells that produce a dopamine chemical, which helps control
movement.

* Migraine: Migraines are severe headaches often accompanied by other symptoms
such as nausea, vomiting, and sensitivity to light and sound.
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Neurological Disorders

Epilepsy

Parkinson’s disease

Dementia

Autism

Alzheimer’s disease

Brain Tumours

Cerebral palsy

Multiple Sclerosis

Stroke (Brain Attack)

Narcolepsy

Attention deficit hyperactivity disorder

Obsessive Compulsive Disorder

Migraine

Brain injury

Tourette’s syndrome

Table 2.
Neurological disorders.

* Brain injury: A brain injury is any brain damage caused by an external force, such
as a car accident or fall. Brain injuries can cause various symptoms, including
problems with movement, speech, and cognition.

o Autism: Autism is a developmental disorder that affects communication and
social interaction. It is usually diagnosed in childhood and can cause various
symptoms, including difficulty with social interaction and communication,
repetitive behaviours, and problems with sensory processing.

* Tourette’s syndrome: Tourette’s syndrome is a disorder that causes involuntary
movements and vocalisations called tics. Tics can include eye blinks, facial
grimaces, and shoulder shrugs.

Neurological disorders are not easy to be identified from other physical observa-
tions. They are closely associated with the brain, and nervous system, with a close
association between nerve-related diseases and other medical conditions connected to
psychiatry and mental disorders. The treatment for them can also be identified with
imaging. One or more of the imaging techniques mentioned in the list of neuroimag-
ing techniques are used to conclude the patient’s neurological disorder. Disorders also
share properties as they impact the patient’s brain or the nervous system.

An overview of the neurological disorders, and imaging techniques used, can be
deduced from Table 3.

Various neurological disorders and imaging techniques are discussed, and many
researchers have identified and used various imaging techniques for diagnosing dif-
ferent neurological diseases. Different imaging techniques rule out the chances of
other dementias, as many diseases share common neuro activities factors. It is evident

13



Frontiers in Neuroimaging

Neurological Type of Imaging technique used
Disorder
Alzheimer’s MRI and CT are used in early-stage AD diagnosis [12].

Disease [AD]

PET and MRI are used for image analysis of AD [13].

CT and MRI have diagnostic value for AD [14].

Parkinson’s
Disease [PD]

MRI, PET, and fMRI are used to detect PD [15].
MRI and PET are used to identify PD early [16]
MRI and its variations are widely used for PD detection [17]

Epilepsy CT, MRI, EEG, PET, SPECT and MEG are used to detect Epilepsy [18].
MRI performs better than CT in detecting Epilepsy [19].
CT, MRI, PET, SPECT and fMRI are the modalities that can be used to detect
Epilepsy [20].

Schizophrenia DTI, fMRI, PET, SPECT, and fMRI are used to detect Schizophrenia [21].

Autism MRI and its variations, fMRI, and DTI are the various modalities commonly used for

the detection of Autism [22].

Multiple Sclerosis
[MS]

MRI, PET, OCT, and other neuroimaging modalities are used for MS detection [23].

Brain Tumour MRI and its variations, CT, SPECT, PET, and fMRI, are used to identify Brain

Tumours [24].

Table 3.
Neurological disorders and neuroimaging techniques.

from Table 3 that neurological disorders can be detected with multiple imaging
techniques and the physician need to evaluate various test results to conclude the type
of disorder the patient possesses.

Table 4 concludes the data type, the nature of the data and the primary technique
used by the imaging technique to capture the data or the method the data is based on
from the brain. The results help in planning the preprocessing strategies and
processing the data for the application and study of ML and DL techniques.

The data captured from the various imaging modalities have a different structure;
most have been images which doctors can quickly process. There are much
preprocessing techniques and processes which are used for cleaning the data to

Neuroimaging Data Technique data is based on Reference

technique generated

MRI Images Captures pathologies, tissue properties, brain activity and [25, 26]
blood flow velocity.

fMRI Images Brain activity by detecting changes in blood flow. [27]

PET Images The metabolic or biomedical function of tissues. [28, 29]

EEG Signals Recording of the electrical activity of the brain from the scalp. [30]

CT Images X-Ray images are taken from different angles and create [31]
cross-sectional images.

SPECT Images A nuclear imaging test using a radioactive substance and a [32]
special camera to create a 3D picture.

Table 4.

Neuroimaging techniques and the data.
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remove the nose elements in them. The following section will see various
preprocessing techniques specific to multiple imaging modalities.

3. Preprocessing techniques

Various preprocessing techniques are used to capture the data from the imaging
technique to generate images that depict the imaging results. The imaging data is then
processed to make it proper and understandable for the ML algorithms to process and
extract features from these images. Mainly the preprocessing techniques help the
models understand the type of neurological disorder since most diseases can be iden-
tified from the commonly used imaging techniques. Preparing the data is required to
effectively process the neuroimaging data captured using various imaging techniques.

The preprocessing of neuroimaging data is an important step that is usually
performed before further analysis; the preprocessing process helps the data to be
effectively structured to reduce the impact of external factors and artefacts in the
image. Neuroimaging data preprocessing generally involves the following steps:

* Quality assurance: This step involves checking the quality of the raw data to
ensure that it is suitable for further analysis. This can include checking for
artefacts or other issues that may affect the accuracy of the data.

o Slice timing correction: In functional magnetic resonance imaging (fMRI) data, the
acquisition of slices may be out of synchronisation with the actual temporal
sequence of the brain activity. Slice timing correction aligns the pieces to the
exact time sequence of the brain activity, allowing for more accurate analysis.

* Motion correction: This step involves correcting for head movements or other
body parts during the scanning session. This is important because activities can
introduce artefacts into the data that may affect the accuracy of the analysis.

* Spatial normalisation: This step involves aligning the data to a common
coordinate space, typically a template brain. This allows for data comparison
across different subjects or sessions and can also be used to identify brain
structures or regions of interest.

* Smoothing: This step involves applying a spatial filter to the data to smooth out
noise and improve the signal-to-noise ratio. This can be useful for improving the
statistical power of the analysis, but it can also introduce spatial blurring and may
not be appropriate in all cases.

* Detrending: This step involves removing trends from the data that may be caused
by low-frequency drifts or other sources of variance. Detrending can help
improve the analysis’s statistical power and reduce the risk of false positives.

* Denoising/Noise Reduction: Denoising techniques aim to remove noise and other
artefacts from the data, such as motion-related artefacts or physiological noise.
Denoising can be achieved through various regression-based approaches or more
advanced techniques such as independent component analysis.
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* Image registration: This technique aligns images from different acquisitions or
modalities to a standard reference frame. Image registration can improve the
accuracy of analysis by reducing misalignment errors.

* Intensity normalisation: This technique ensures that image intensity values are
consistent across different acquisitions or modalities. Intensity normalisation can
help correct variations in scanner performance and improve the accuracy of the
analysis.

o Skull stripping: This technique removes non-brain tissue, such as the scalp and
skull, from the images, allowing for a more accurate analysis of brain tissue.

* Segmentation: This technique divides the images into tissue types, such as grey
matter, white matter, and cerebrospinal fluid. Segmentation can be used to create
maps of brain anatomy and identify specific regions of interest.

* Correction for head movement: Head movement during imaging can cause
misalignment of images and affect the accuracy of the analysis. Correction for
head movement can be accomplished through realignment of the images or by
modelling and removing the effects of head movement.

These are just a few preprocessing steps that may be performed on neuroimaging
data. The measures will depend on the analysis’s particular goals and the data’s char-
acteristics. Applying preprocessing techniques helps to reduce noise, enhance con-
trast, and correct geometric distortions. Table 5 contains the various imaging
techniques and the preprocessing techniques used concerning the imaging technique
for the processing with ML and DL algorithms.

Neuroimaging Preprocessing
technique
MRI Noise reduction: MRI images can be affected by various noise sources, such as

electrical interference and variations in the magnetic field. Noise reduction
techniques can help reduce the amount of noise in the images, resulting in more
precise and accurate images.

Contrast enhancement: MRI images often have low contrast, making it difficult to
distinguish between different tissues and structures. Contrast enhancement
techniques can help to increase the contrast of the images, making it easier to see the
details.

Geometric correction: MRI images can sometimes be distorted due to the complex
nature of the magnetic field used to generate them. Geometric correction techniques
can help correct these distortions, making images more accurately aligned with the
patient’s anatomy.

Registration: MRI images of different body parts or taken at different time points
can be registered or aligned, enabling comparison and analysis.

Segmentation: MRI images often contain a large amount of data, and it can be
helpful to separate different structures or tissues in the image for further analysis.
Segmentation techniques can identify and extract specific structures or tissues from
the images.

fMRI Slice timing correction: f{MRI images are often acquired in a series of slices, and the
time it takes to acquire each can vary. Slice timing correction techniques can help
align the slices in time, ensuring that the data accurately represents brain activity.

16



Preprocessing Techniques for Neuroimaging Modalities: An In-Depth Analysis
DOI: http://dx.doi.org/10.5772 /intechopen.109803

Neuroimaging
technique

Preprocessing

Motion correction: Movement of the head during an fMRI scan can cause artefacts
in the images, making it difficult to interpret the data accurately. Motion correction
techniques can help to remove these artefacts by aligning the images from different
time points.

Spatial smoothing: fMRI images often have a high noise level, making it difficult to
interpret the data accurately. Spatial smoothing techniques can help reduce image
noise by averaging the data over a small spatial region.

Normalisation: fMRI data is often collected from multiple subjects, and it is
essential to align the data in a shared space to be compared and analysed.
Normalisation techniques can help to align the data from different subjects by
transforming it into a standard coordinate system.

Detrending: fMRI data often contains low-frequency drifts that can affect the
accuracy of the results. Detrending techniques can help to remove these drifts by
fitting and removing a low-order polynomial from the data.

PET

Noise reduction: PET images can be affected by various noise sources, such as
electronic interference and variations in the radioactive tracers. Noise reduction
techniques can help reduce the amount of noise in the images, resulting in more
precise and accurate images.

Attenuation correction: PET images can be distorted due to the interaction of the
radioactive tracers with tissues in the body. Attenuation correction techniques can
help correct these distortions, making images more accurately aligned with the
patient’s anatomy.

Scatter correction: PET images can also be distorted by scattered radiation, which
can cause artefacts in the images. Scatter correction techniques can help remove
these artefacts by estimating and correcting for the amount of scattered radiation in
the images.

Standardisation: PET data is often collected from multiple subjects, and it is
essential to align the data in a shared space to be compared and analysed.
Standardisation techniques can help to align the data from different subjects by
transforming it into a standard coordinate system.

Image registration: PET images of different body parts or taken at

different time points can be registered or aligned to enable comparison and
analysis.

EEG

Filtering: EEG data often contains high-frequency noise and other unwanted
signals, such as muscle activity and electrical interference. Filtering techniques can
be used to remove these signals and improve the quality of the data.

Artefact correction: EEG data can be affected by various artefacts, such as eye
blinks, muscle movements, and electrical interference. Artefact correction
techniques can help to remove these artefacts and improve the accuracy of the data.
Re-referencing: EEG data is often recorded relative to a reference electrode, but the
choice of reference can affect the interpretation of the data. Re-referencing
techniques can change the reference of the data, making it easier to compare data
from different subjects or sessions.

Epoching: EEG data is often divided into smaller segments, or epochs, for further
analysis. Epoching techniques can be used to identify and extract specific epochs of
interest from the data.

Time-frequency analysis: EEG data contains information about both the time and
frequency domains. Time-frequency analysis techniques can be used to extract this
information and better understand the brain’s activity.

CT

Noise reduction: CT images can be affected by various noise sources, such as electronic
interference and variations in the x-ray beam. Noise reduction techniques can help
reduce the amount of noise in the images, resulting in more precise and accurate images.
Contrast enhancement: CT images often have low contrast, making it difficult to
distinguish between different tissues and structures. Contrast enhancement techniques
can help to increase the contrast of the images, making it easier to see the details.
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Neuroimaging Preprocessing
technique

Geometric correction: CT images can sometimes be distorted due to the complex
nature of the x-ray beam used to generate them. Geometric correction techniques can
help correct these distortions, making images more accurately aligned with the patient’s
anatomy.

Registration: CT images of different body parts taken at different time points can be
registered or aligned to enable comparison and analysis.

Segmentation: CT images often contain a large amount of data, and it can be

helpful to separate different structures or tissues in the image for further analysis.
Segmentation techniques can identify and extract specific structures or tissues from
the images.

SPECT Noise reduction: SPECT images can be affected by various noise sources, such as
electronic interference and variations in the radioactive tracers. Noise reduction
techniques can help reduce the amount of noise in the images, resulting in more
precise and accurate images.

Attenuation correction: SPECT images can be distorted due to the interaction of
the radioactive tracers with tissues in the body. Attenuation correction techniques
can help correct these distortions, making images more accurately aligned with the
patient’s anatomy.

Scatter correction: SPECT images can also be distorted by scattered radiation,
which can cause artefacts in the images. Scatter correction techniques can help
remove these artefacts by estimating and correcting for the amount of scattered
radiation in the images.

Standardisation: SPECT data is often collected from multiple subjects, and it is
crucial to align the data in a shared space to be compared and analysed.
Standardisation techniques can help to align the data from different subjects by
transforming it into a standard coordinate system.

Image registration: SPECT images of different body parts or taken at other time
points can be registered or aligned to enable comparison and analysis.

Table 5.
Neuroimaging techniques and the preprocessing.

The various preprocessing techniques used for preprocessing the different neuro-
imaging modalities are concluded from [33-47]. Table 6 gives a list of various
preprocessing methods used for preprocessing and organising, and enhancing data
from multiple modalities for studying disorders. The preprocessing helps in better
inputs for various studies by removing the noise information, improving the quality
and contrast of the image and correcting the geometric and other distortions. For each
imaging modality, we have to follow a different approach for the preprocessing steps;
this is dependent on the process of generating the images.

Various preprocessing techniques are used to capture the data from the imaging
technique to generate images that depict the imaging results. The imaging is devel-
oped with the help of various mathematical transformations and equations where
the input captured by the biological process is processed. Then a final image is
generated as the output, which contains the brain’s current status. The preprocessing
is required to make the images more efficient for analysis by removing noise,
enhancing contrast, and correcting geometric distortions. The data is then processed
for ML algorithms to create various models for classification and clustering. The
computer learns from the images and generates an intelligent decision on the class of
neurological disorder or whether the input image depicts a healthy sample or of a
patient.
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Neuroimage Preprocessing Techniques

Artefact Correction

Attenuation Correction

Contrast Enhancement

Contrast Enhancement

Detrending

Epoching

Filtering

Geometric Correction

Motion Correction

Noise Reduction

Noise Reduction

Normalisation

Registration

Re-Referencing

Scatter Correction

Segmentation

Slice Timing Correction

Spatial Smoothing

Standardisation

Time-Frequency Analysis

Table 6.
Neuroimage data preprocessing techniques.

4, Conclusions

Neuroimaging techniques capture brain activity for detecting and prognosis vari-
ous neurological disorders. In this chapter, we have come across multiple neuroimag-
ing techniques and neurological diseases that can be determined with the data from
these neuroimaging techniques. A detailed comparison of various factors is made
among the neuroimaging modalities and the diseases to identify the best practices that
can be used. The various preprocessing techniques done on the data from the imaging
source are also compared to determine the best preprocessing strategies that are
effective for the different methods. It is essential to carefully consider which
preprocessing steps are appropriate for your specific dataset and research question, as
the choice of preprocessing techniques can significantly impact the analysis results.

Neuroimage preprocessing is the process of preparing neuroimaging data for fur-
ther analysis or visualisation. Neuroimaging data can be collected using a variety of
techniques, such as magnetic resonance imaging (MRI), positron emission tomogra-
phy (PET), or functional magnetic resonance imaging (fMRI). Preprocessing of neu-
roimaging data typically involves steps designed to correct for various issues that can
affect the accuracy of the data, such as artefacts, movements, or low-frequency drifts.
The process of cleaning and preparing the data makes the data clean and adequate for
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analysis. Each of the neurological disorders shares various common factors. Thus,
cleaning and making the process effective will help in easy and accurate results for the
study.

The preprocessing techniques help in processing and transforming the data to be
applied for the ML and DL algorithms to help the machines classify or cluster patient
information when given to the system that can be generated. However, a detailed
representation of the various techniques used will help build the preprocessing pipe-
lines/workflows (a sequence of preprocessing techniques aligned one after the other in
a sequential order for the preprocessing data from neuroimaging modalities) for the
data processing [48-51]. The efficient preprocessing step needs to be identified,
depending on multiple factors, including the device configuration and hardware. In
future work, multiple preprocessing steps for the images can be combined, and
preprocessing pipelines/workflows can be created or proposed for effective noise
removal, enhancing contrast, and correcting geometric distortions.
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Chapter 3

New Progress in Imaging of
Pituitary Diseases

Youtu Wu

Abstract

In the last 20 years, there have been advances in imaging techniques for pituitary
diseases. Magnetic resonance imaging (MRI) particularly presents high-quality
structural images and the essential information needed to authorize surgery, radia-
tion therapy, and/or drug therapy. These images can assist in monitoring long-term
outcomes. Recent technological advances, such as the advent of 7-Tesla MRI, have
been used for measuring tumor consistency in pituitary adenomas. Microadenomas
and other pituitary incidentaloma have been more recognized in the presence of
golden-angle radial sparse parallel imaging and conventional dynamic contrast-
enhanced techniques. However, standard structural (anatomical) imaging, mainly in
the form of MRI, acts inadequately to identify all tumors, especially microadenomas
(<1 cm diameter), recurrent adenomas, and several incidentalomas. In this respect,
nuclear isotope (radionuclide) imaging promotes tumor detection beneficially. All
these imaging improvements may play a central role in clinical practice, especially
when considering diagnosis, differential diagnosis, or definitive intervention. They
further form accurate diagnosis, advise surgery, and decrease the risk of disrupting
normal pituitary function.

Keywords: pituitary, MRI, 7-tesla MRI, dynamic contrast-enhanced imaging (DCE),
nuclear isotope (radionuclide) imaging

1. Introduction

The pituitary is a small endocrine gland seated in the sella turcica of the central
skull base and is surrounded by the neurovascular structures of the parasellar region.
The pituitary gland demonstrates many pathologies with multiple components
and cell types, including neoplastic, vascular, and inflammatory processes. These
conditions can affect the pituitary gland and produce endocrinologic and neurologic
abnormalities. Pituitary lesions are always benign, but hypersecreted hormones or
masses can seriously affect the quality of life. Therefore, early, accurate diagnosis and
treatment are important. The most common lesions of the pituitary gland are adeno-
mas. Magnetic resonance imaging (MRI) is the standard approach for evaluating the
pituitary gland. Recent advances in MRI and positron emission tomography (PET)
have facilitated the successful detection of tumors that may be only a few millimeters
in diameter. Here, studies have indicated a prevalence rate of 3.5 to 5 times higher
than previously suspected [1].
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Many imaging methods focus on the diagnosis and demonstration of pituitary
lesions and have already made huge progress. However, an optimal assessment has
not been clarified for some occult lesions. This comprehensive review aims to discuss
various updated imaging technologies regarding pituitary lesions.

2. Anatomy of the pituitary gland

Understanding the underlying anatomy depends on interpreting imaging stud-
ies of the sellar and parasellar regions. A complex neuroendocrine organ is located
within the sella turcica (a cup-shaped depression in the sphenoid bone, which is
also bordered anteriorly and inferiorly by the sphenoid sinus). This organ is the
pituitary gland. The suprasellar cistern, which consists of the optic chiasm, is above
the pituitary gland. The cavernous sinus forms the lateral walls of the pituitary fossa.
It contains the sixth cranial nerve and the internal carotid arteries. It more laterally
contains the third and fourth nerves. Additionally, the first and second divisions of
the fifth cranial nerve sit in its walls. Anatomically, the pituitary gland is connected
to the hypothalamus, which typically is via the infundibulum. Regarding embryol-
ogy, the anterior and posterior pituitary lobes are distinct [2]. The adenohypophysis,
the pituitary’s anterior lobe, and the neurohypophysis, the pituitary’s posterior lobe,
emerge from embryological structures. The adenohypophysis is derived from the oral
ectoderm and synthesizes multiple hormones, such as prolactin, adrenocorticotropic,
thyroid-stimulating and follicle-stimulating hormones, and growth and luteinizing
hormones. Arising from neural ectoderm, the neurohypophysis contains axons from
the hypothalamus. It is responsible for secreting oxytocin and vasopressin. A vestigial
intermediate lobe lies between the anterior and posterior lobes. The lobe is a potential
site for Rathke cleft cysts [3].

Generally, the average pituitary gland is larger in women than in men. Its height
is between 3 and 8 mm [4]. At birth, the size of the gland varies, when it is typically
globular in shape (more so during adolescence) due to its physiological hypertrophy
[5]. Yet, during pregnancy, the gland progressively develops to a large degree, where it
can reach a height of up to 10 mm instantly after delivery [6]. Its size may increase in
women during their 50s [6].

3. Imaging technology in pituitary and pituitary adenomas
3.1 Standard pituitary magnetic resonance imaging

Magnetic resonance imaging has brought the most advances regarding sellar and
parasellar structures’ radiological assessment. Magnetic resonance imaging power-
fully demonstrates both normal and abnormal anatomy. It even permits detecting
subtle abnormalities within an overall normally dimensioned gland. Subtle abnor-
malities include 1-2 mm microadenomas and infiltration/inflammation [7, 8]. The
high-quality imaging of sellar and parasellar structures is critical to decision-making
when radiotherapy and/or surgery are not recommended.

The pituitary gland and hypothalamus imaging have multiple potentially benefi-
cial MRI sequences. The pituitary MRI protocol may comprise pre-contrast T1- and
T2-weighted (TTW/T2W) coronal and sagittal sections with thin slices. It also
should include gadolinium (Gd)-enhanced coronal and sagittal TIW images [9, 10].
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Nevertheless, TIW sequences are typically used in clinical practice. They present clear
contrasts between the pituitary gland and adjacent cerebrospinal fluid, blood vessel
flow voids, paranasal sinus air, and bone marrow fat. T2W sequences are further
utilized because their sensitivity to changes in water content can be advantageous

in detecting and evaluating pituitary lesions and assessing adjacent neurological
structures, such as the hypothalamus and optic chiasm. The normal anterior pituitary
gland is shown to be isointense to gray matter in non-contrast TIW and T2W standard
spin echo (SE) sequences. On the other hand, neurohypophysis depicts an intrinsic
high T1 signal; however, it is hypointense on T2 [3, 11].

The high signal on non-contrast TIW imaging is attributed to phospholipid
vesicles containing neurosecretory granules [12-14]. The absence of bright spots in
the posterior pituitary may alert the clinician to the likelihood of underlying pituitary
pathology; some normal subjects do not exhibit this high signal. The extent to which
the posterior lobe bright spot is faint or apparent in each patient varies from scan to
scan [8, 15]. Occasionally, the posterior pituitary bright spot is abnormally placed,
residing in the proximal infundibulum or hypothalamus, for a commonly named
ectopic posterior pituitary bright spot. This is associated with some forms of con-
genital hypopituitarism, specifically concerning growth hormones (GHs). There are
possibly other structural abnormalities, for instance, septal hypoplasia and agenesis
of the corpus callosum [16]. The position of the bright spot can also be removed with
pituitary stalk interference, which is shown to follow trauma or surgical transection
after damaged neurosecretory granule migration [17-19].

Intravenous injection of a paramagnetic contrast agent is a common practice
and enhances the pituitary gland and stalk on TIW images. The cavernous sinuses
are hypointense in relation to the pituitary gland. They are adjacent to the brain and
display enhancement after contrast. The cavernous sinus’s medial dural border is
generally poorly visualized as a distinct structure compared with the lateral dural
wall, which is more easily defined. During pituitary imaging, the naturally occurring
lanthanide, Gd, is the most frequently utilized contrast agent. It changes the magnetic
properties of tissues, in which it accumulates. As a result, it enhances the structure
seen in MRI. Gadolinium uptake by pituitary adenomas is slower in most cases.
Consequently, it triggers delayed improvement and washout characteristics. It assists
in revealing a different image, especially poorly visualized microadenoma.

Gadolinium is toxic, even in its free form, and must be chelated to a carrier ligand
to be permitted in clinical settings. Recently, attention has been brought to the safety
of Gd-based contrast agents (GBCAs) owing to the potential for long-term central
nervous system retention, typically in patients with normal renal function. As men-
tioned, many pituitary patients require long-term imaging surveillance with GBCAs
resulting in retention of Gd in the tissues [20, 21]. Macrocyclic GBCAs show greater
chemical stability compared with that of their linear counterpart. This is due to their
connection with a lower risk of nephrogenic systemic fibrosis and decreased Gd
tissue deposition; nevertheless, they seem to transmit a higher, albeit comparatively
rare, risk of allergic reactions. Thus, while GBCAs are crucial in sellar and parasellar
regions’ imaging, to decrease exposure, it is essential to acknowledge when contrast
agents may not be needed [22-24].

3.2 Dynamic contrast-enhanced magnetic resonance imaging

Dynamic contrast-enhanced (DCE) MRI takes a series of images over time after
an intravenous contrast media. As a type of permeability imaging, it measures TIW
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signal-intensity changes in the process of allocating an intravenous bolus of GCBA.
According to initial studies, DCE-MRI was particularly effective in detecting and
precisely delineating microadenomas without contour abnormalities [25-28].

Given its intricate vascular anatomy characteristics, the pituitary gland is
assured to benefit from dynamic imaging evaluation. The adenohypophysis receives
most of the blood from the hypophyseal portal system supplies. The superior
hypophyseal artery starts with small branches that enter the hypothalamus. It
forms a primary capillary plexus. Subsequently, it transmits portal veins via the
infundibulum to a secondary plexus and supplies blood to the adenohypophysis.
Conversely, the neurohypophysis is supplied directly by the inferior hypophyseal
artery. The inferior hypophyseal artery is an artery that branches from the internal
carotid artery. Capillaries in the pituitary gland have unique fenestrations outside
the blood-brain barrier, which cause the gland to strengthen with intravenous
contrast administration [29].

Recent studies have proven the importance of this technique via the detection of
microadenomas in patients, particularly those with Cushing’s disease, with a sensitiv-
ity of 67-95% compared with that of 50-60% under conventional contrast-enhanced
MRI [30-32]. Microadenomas show delayed enhancement and regression, making
them more visible on DCE-MRI than conventional sequences, and a few may only
appear on dynamic sequences [33]. Dynamic contrast-enhanced magnetic resonance
imaging has become routine for initial imaging studies in central endocrine disorders,
namely, prolactinomas, due to its negative predictive value and high sensitivity in
detecting microadenomas [33]. Additionally, DCE-MRI advances surgical planning
by distinguishing between normal tissue and lesions [8, 34].

Nonetheless, conventional pituitary DCE-MRI has several limitations. A trade-off
happens between spatial and temporal resolutions, and the optimal parameters for
collection and reconstruction are unfamiliar. Variations in slice thickness, slice inter-
val, and imaging duration due to the absence of standardized protocols may hinder
comparisons between studies and institutions. In most instances, the lack of temporal
resolution hinders quantitative pharmacokinetic analysis. In the postoperative setting,
conventional techniques are insufficient in fat saturation, which typically is advanta-
geous in contrasts of hemorrhage, fat, and surgical packing material [33].

3.3 Golden-angle radial sparse parallel imaging

Golden-angle radial sparse parallel (GRASP) imaging focuses on maneuver-
ing the restrictions posed by conventional DCE-MRI. Golden-angle radial sparse
parallel imaging uses a three-dimensional gradient-echo sequence with golden-angle
ordering and radial “stack-of-stars” k-space sampling [35, 36]. Conventional DCE-
MRI techniques implement the acquisition of numerous images. Golden-angle radial
sparse parallel imaging develops all the dynamic data by completion in a single
persistent scan. First, the data is separated into sequential time frames and then
recreated via an iterative method, which connects compressed sensing and parallel
imaging [33, 36, 37].

This method allows the recreation of extremely under-sampled data to submil-
limeter isotropic resolution using a total-variation time constraint. The isotropic
resolution permits multiplanar reconstruction in all time points. Golden-angle radial
sparse parallel imaging may be able to distinctively permit retrospective modifica-
tion of temporal resolution as high as approximately 2.5 s per frame due to the
uniform distribution of the profiles in k-space. Golden-angle radial sparse parallel
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imaging delivers higher planar resolution, increased sensitivity to motion and flow,
and improved fat suppression compared to conventional two-dimensional turbo SE
examinations [33, 37]. Research on the application of GRASP imaging for pituitary
imaging is in its infancy, and there are many potential avenues of research. A few
published studies validate the potential of this technology to assist in managing,
characterizing, and diagnosing pituitary pathology [38-41].

Golden-angle radial sparse parallel imaging has been utilized to describe the per-
meability features in the normal pituitary gland [40]. The posterior lobe and median
eminence in normal pituitary glands show faster washin and time to the maximum
enhancement than that of the anterior lobe. The median eminence and anterior lobe
show faster washout than that of the posterior lobe. These results are coherent with
previous DCE-MRI studies and note the gland’s complex vascular anatomy [33].
Direct arterial supply to the posterior lobe allows premature improvement. The pitu-
itary portal system, which provides the anterior lobe, is relatively slow yet proceeds in
greater maximal improvement due to a stronger vascular plexus.

Golden-angle radial sparse parallel imaging illustrates in patients of subtle differ-
ences with central endocrine disturbances except morphologically normal pituitary
glands. Typically, patients with GH disturbances do not have focal pituitary lesions.
Golden-angle radial sparse parallel imaging has shown that in these patients, the
permeability parameters of the pituitary contradict those in healthy controls [30,
40]. Particularly, the pituitary glands of hypopituitarism show fundamentally lower
washin and washout in the anterior and posterior lobes. According to a prior DCE-
MRI study, patients with idiopathic GH deficiency and morphologically normal
pituitary glands have shown comparable permeability differences [17, 35]. For the
pituitary gland, GRASP imaging permeability parameters are necessary to determine
reference ranges in prospective studies with larger samples.

Golden-angle radial sparse parallel imaging aids contrasting and detecting micro-
adenomas and cysts. Compared with the normal parenchyma of the anterior lobe,
microadenomas were enhanced, albeit at a significantly lower level. Utilizing acquisi-
tions with 20 s temporal resolution, this contrast in improvement was exposed at all
time points from 60 to 140 s after contrast injection [33]. Microadenomas showed
maximal enhancement at 90 + 10 s after contrast administration, compared with that
at 80 + 10 s in the anterior lobe. In differentiating, cysts failed to enhance.

Regarding preoperative planning, GRASP imaging improves macroadenoma assess-
ment by distinguishing normal pituitary tissue from macroadenomas [41]. Damage
to the normal pituitary gland possibly impacts hypopituitarism for approximately 5%
of patients during transsphenoidal resection [42]. This risk may be reduced by using
preoperative imaging to localize the pituitary gland. In one study, three independent
readers, a radiology resident, a medical student, and an attending neuroradiologist,
localized the normal pituitary gland in patients with macroadenomas on GRASP
images with an almost-perfect agreement [41]. This technique’s reliability makes it an
attractive option to enhance surgical planning, especially toward experience levels.

3.4 Nuclear isotope (radionuclide) imaging

3.4.1 Positron emission tomography (computed tomography/magnetic resonance
imaging)

In the pituitary evaluation, the radionuclide technique has a comparatively limited
role. However, some radiologists have experienced various modalities, including
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somatostatin receptor scintigraphy or PET, **F-fluorodeoxyglucose ("*F-FDG)-PET,
and C-methionine (*)C-Met)-PET. For instance, the lindium labeled octreotide is
utilized for investigating nonfunctioning adenomas [12, 43, 44]. Yet its practicality is
insufficient, as other parasellar tumors, namely, meningiomas, may express soma-
tostatin receptors and take up octreotide [3, 45]. For assessing the biological activity
of pituitary tumors, there are limited uses for PET using **F-FDG, in which most
pituitary lesions are slow in growth and thus metabolically inactive. Even though the
short half-life and obvious high cost of production of such pharmaceutical procedures
nowadays restrict their usage for research purposes, tracers such as "'C-Met have
demonstrated some promise [45].

3.4.2 Somatostatin receptor scintigraphy and positron emission tomography

Within the normal human pituitary tissue, somatostatin receptors (SSTRs)
are expressed in different subtypes of pituitary adenoma in varying degrees. For
example, in most somatotroph adenomas, SSTR subtype 2 (SSTR2) is detectable,
whereas SSTR5 expression is more changeable [46]. In managing and examining
pituitary adenomas, the benefit of somatostatin receptor scintigraphy (e.g., ""'indi-
umpentetreotide) is thus complicated by certain factors: the tumor’s dependence on
SSTR subtype expression, the normal pituitary tissue’s background uptake, and the
minimal spatial resolution and sensitivity of scintigraphy when joined with single-
photon emission computerized tomography [47].

3.4.3 ®F-fluorodeoxyglucose positron emission tomography

There have been numerous case reports of incidental *F-FDG uptake by pitu-
itary adenomas in the literature [48-50]. As the normal pituitary gland fails to
display FDG uptake above the background activity, any significant FDG uptake
generally implies pathology [51]. The usage of '*F-FDG PET has been considered
in various subtypes of pituitary adenoma [49, 50]. However, the findings have
been greatly discouraging. For localizing corticotroph adenomas, '*F-FDG PET is
similar to MRI. In their retrospective study, Alzahrani et al. reported a detection
rate of 58% in 12 patients who underwent conventional *F-FDG PET/computed
tomography (CT) [52]. Correspondingly, *F-FDG PET still has a role in the routine
management of pituitary adenomas. However, the outcome of *F-FDG PET in the
identification of de novo and residual/recurrent pituitary adenomas is satisfactory
[53, 54]. In addition, ®F-FDG PET can help differentiate residual or recurrent
adenoma from the remaining normal pituitary tissue because of transsphenoidal
surgery once merged with ®*Ga-DOTATATE PET [55, 56].

3.4.4 11C-methionine PET

1C_methionine PET (Met-PET) has been established to be beneficial in localizing
the entire range of pituitary adenoma subtypes in terms of recurrent and newly diag-
nosed tumors [53, 55, 57-59], especially microadenomas [7, 55, 60]. C_methionine
PET makes the most from a substantially lower brain uptake. It not only enhances
sensitivity compared with "*F-FDG PE but also generates a more conductive target-
to-background ratio [53, 55, 61]. Nonetheless, when Met-PET/CT is contrasted with
MRI, an important limitation is the relative insufficiency of anatomical detail from
CT. Thus, its capability to instruct precision surgery or radiotherapy is insufficient.
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To mitigate such limitations, some groups have evaluated the importance of co-regis-
tering PET/CT and MRI images to enhance the anatomical delineation at these sites of
Met-PET uptake, instruct certain treatment decisions, and assist in clinical outcomes
[59, 62, 63]. Thus, the ''C-Met uptake site(s) may be accurately delineated.

Gillett et al. detected that Met-PET scans ought to be normalized to the cerebellum
to decrease the effects in the pituitary gland of physiological variations of the uptake
of "C-Met, namely, in comparison to serial imaging. This new technique permits
enhanced localization of adenomas in comparison with conventional imaging modali-
ties, specifically because the cerebellum is utilized as the reference region. It is used
between baseline Met-PET images and registered suppressed Met-PET by highlight-
ing the regions of change. In clinical practice, implementing this technique is valuable
due to definitive intervention. For example, transsphenoidal pituitary surgery or
stereotactic radiosurgery is deliberated to assist targeted intervention and mitigate the
liability of breaking the normal pituitary gland function. This PET/MRI generation
process will eventually have minimal difficulty and be more accessible, which has
been proven with various tracers [47].

3.57-Tesla magnetic resonance imaging in predicting the tumor consistency of
pituitary adenomas

Tumor consistency is an important factor in surgical planning, as it affects resec-
tion relief and exposure to surgical operation morbidity [64-66]. Typically speaking,
through the process of suction and curettage, tumors, usually with a soft consistency,
are easily removed. Consistency in predicting tumors with the use of MRI is well-
documented. According to T2W imaging, the hypointense tends to be associated with
firmer tumors, possibly due to their increased collagen content [65, 67]. On T2W
imaging, softer tumors are likely to be hyperintense, possibly in relation to much
higher cystic components and/or water content [68].

Yao et al. proved that 7-Tesla (7 T) MRI could predict pituitary adenoma consis-
tency and histopathological characteristics [66]. In the 7 T voxel-based analysis of
tumor imaging, the authors demonstrated that it enabled previously inaccessible
recognition of tumor heterogeneity. With permission from the ultrahigh field MRI,
such techniques are facilitated by the high in-plane resolution. Moreover, the authors
detected a positive correlation between tumor consistency and vascularity. With 7 T
MRI, soft tumors were inclined to have a higher density of blood vessels [66].

Voxel-based particle analysis combined with 7 T MRI may be beneficial. It poten-
tially maximizes the spatial resolution and possibly provides a more sensitive applica-
tion from such use of this new imaging technique. Advanced post-processing image
analysis techniques combined with 7 T ultrahigh-field MRI, for instance, the voxel-
based analysis, may offer radiological tumor characterization. In such cases, they may
aid in surgical decisions for the resection of pituitary adenomas.

4. Imaging technology in pituitary incidentalomas

Within the pituitary gland, pituitary incidentalomas are lesions detected inciden-
tally in imaging for unrelated causes, such as headache, trauma, or symptoms involving
the neck or central nervous system. With the wide application of imaging techniques,
more and more imaging studies have found incidental pituitary tumors. The estimated
prevalence of incidental pituitary adenomas is approximately 0.7/1000 (0.07%) [69].
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The etiology of pituitary incidentalomas comprises many pathologies, most of which
are benign adenomas. Pituitary adenomas account for approximately 90%, with most
of them being Rathke’s cysts, craniopharyngiomas, and meningiomas [70-72].

Magnetic resonance imaging acts as a central position in the initial evalua-
tion. Pituitary adenomas are defined by the displacement of the pituitary stalk
and perhaps deformation of the sellar diaphragm. They most commonly measure
less than 1 cm and are located within the adenohypophysis. They appear to have
hypointensity on the TIW series and hyperintensity on the T2W series. Nevertheless,
many GH-secreting adenomas may be isointense or hypointense on T2W sequences.
Many microadenomas show delayed enhancement and washout, making them more
pronounced on DCE-MRI than on conventional sequences.

A few may be apparent only in dynamic sequences [9, 73]. However, compared
with the normal parenchyma of the anterior lobe, microadenomas were enhanced
at significantly lower levels. Golden-angle radial sparse parallel magnetic resonance
imaging has excellent spatial and temporal resolutions. The potential of this tech-
nique shown in the current study was exploited in assessing the pituitary gland with
an in-plane resolution of 0.7 mm, serial slice thickness of 0.8 mm, and a temporal
resolution of 20 s [33]. An acquisition time of 120 s after contrast agent administra-
tion is sufficient for adequate dynamic assessment of the pituitary gland, optimizing
scan time using the magnet.

In contrast to conventional dynamic MRI techniques that accomplish multiple
separate exams, GRASP technology acquires all dynamic information in a single
sequential scan where contrast agent injection occurs. Image reconstruction is later
achieved by merging the data into consecutive time frames and reconstructing the
frames using an iterative method combining parallel imaging and compressed sensing
[36, 40]. Therefore, GRASP provides higher planar resolution, increased sensitivity
to motion and flow, and improved fat suppression compared to conventional two-
dimensional turbo-SE examinations [74]. Rathke’s cysts are the most generally known
cystic pituitary incidentalomas, and MRI findings depend on the cyst’s contents.
Rathke’s cysts are commonly hyperintense on TIW imaging with characteristic T2
hypointense intra-cystic nodules. In most cases, the cyst wall fails to enhance fol-
lowing contrast administration [75, 76]. The appearance of craniopharyngiomas on
MRI also depends on the content of the cyst, the proportion of solid components,
and the probable presence of calcifications. Their solid portion is commonly iso- or
hypointense on T1 and hyperintense on T2, whereas the cystic portion is hyperintense
on TIW sequences. Calcified tumors are characteristic. Rim and nodular calcifications
are greatly identified on CT [77].

5. Imaging technology in primary hypophysitis and
immunotherapy-related hypophysitis

The classification of primary hypophysitis includes plasmacytic, granulomatous,
lymphocytic, xanthomatous, or mixed [78]. Generally, they are nearly identical to
immunotherapy-associated hypophysitis (IH) and share the same radiographic fea-
tures. Immunotherapy-associated hypophysitis is a generally known immune-related
adverse event that happens most frequently with regimens comprising cytotoxic
T-lymphocyte antigen 4 suppression, especially ipilimumab. The MRI plays a crucial
role in diagnosing hypophysitis. And 2-[**F]-fluoro-2-deoxy-D-glucose PET/CT gives
complementary diagnostic information.
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For primary hypophysitis and IH, the key feature of MRI is the diffuse and
transient enlargement of the pituitary gland, which is always modest [79, 80]. The
absolute peak size shown in the study of the pituitary gland was 2 cm in 59 patients
with IH. In primary hypophysitis and IH, the posterior pituitary bright spot with
connected infundibular/suprasellar abnormality appears absent in the MRI. Lesions
are, for the most part, T1 isointense. Usually, they improve markedly on contrast TIW
imaging [81]. Homogeneous pituitary enhancement is often accompanied by hypoph-
ysitis, and other pituitary lesions often accompany heterogeneous enhancement.
Pituitary stalk thickening is seen in IH in 59% of the cases [80]. Immunotherapy-
associated hypophysitis causes a transient increase in pituitary size, which generally
resolves within several months. In terms of monitoring IH, FDG-PET/CT holds value
[79]. The normal pituitary gland fails to exhibit FDG uptake above background
activity, so any significant FDG uptake usually demonstrates pathology. However, the
pituitary should be monitored exclusively during the FDG-PET/CT studies routinely
performed after initiating an immune checkpoint inhibitor (ICI) to determine the
pathological uptake. In the case of longitudinal imaging, PET can individualize
hypophysitis from neoplastic lesions, such as metastases or macroadenomas [82].
After ICI initiation, transient pituitary FDG hypermetabolism is a common sign of IH
[79]. The insufficiency of FDG uptake in sellar lesions also aids in characterization,
advising non-neoplastic pathology, such as Rathke’s cleft cyst or a microadenoma
(approximately half do not demonstrate FDG uptake) [83].

6. Conclusion

Imaging examination is indispensable in diagnosing and managing pituitary
lesions, especially MRI. With the understanding of such lesions, there is a higher
demand for the development of imaging technology. New evaluation methods have
been adopted for diagnosing pituitary microadenoma, pituitary incidentaloma,
hypophysitis, and recurrent pituitary tumors, such as 7 T MRI, DCE imaging, and
nuclear isotope imaging. With the progress of technology, more new technologies will
be available to assess diagnosis and treatment options.
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Chapter 4

Characteristics of Magnetic
Resonance Spectroscopy 1n Toxic
Leukoencephalopathy

Zhiwei Zhou and Ping Xu

Abstract

Toxic leukoencephalopathy (TLE) refers to a series of diseases with central nervous
system damage caused by poisoning of various toxic substances, including medica-
tions, gases, drugs, and ethanol as the main clinical manifestation. TLE mainly causes
the damage to white matter fibers and subcortical gray matter nuclei, including basal
ganglia nuclei, thalamus and brainstem nuclei (substantia nigra red nucleus), as well
as cerebellar dentate nucleus, which manifests as altered mental status, epilepsy, par-
esthesia, hemiparesis, tetraparesis, or even death. Magnetic resonance spectroscopy
(MRS) has contributed to understanding the etiology and stage of TLE. Moreover,
the change of brain metabolites, which can be evaluated by MRS, provides additional
information for confirming diagnosis, monitoring disease progression, and informing
treatment response. In order to describe the MRS characteristics of TLE caused by
different etiologies, we will review the spectroscopy change of TLE which is associated
with psychoactive substances, immunosuppressant, chemotherapy, and environ-
ment (PICE). Therefore, we reviewed the MRS characteristics of heroin-induced
TLE, methadone-induced TLE, oxycodone-induced TLE, Wernicke encephalopathy,
Marchiafava-Bignami disease, methotrexate-related TLE, metronidazole-induced
TLE, carbon monoxide-related encephalopathy, and toluene TLE in this chapter.

Keywords: magnetic resonance spectroscopy, psychoactive substances,
immunosuppressant and chemotherapy, environment, leukoencephalopathy

1. Introduction

Toxic substances refer to the substances that enter the human body in small doses
and can cause health damage through chemical or physical effects [1]. Poisoning
refers to a kind of disease in which toxic substances enter the human body and cause
biological function or structure change after reaching the toxic amount, resulting in
temporary or permanent systemic damage [2]. When toxic substances damage the
central nervous system, mainly causing white matter lesions, and some nerve nuclei
and gray matter can also be affected, the occurrence of corresponding clinical mani-
festations is called toxic leukoencephalopathy (TLE) [3].

The neurotoxicology of toxic leukoencephalopathy has the following characteris-
tics: (1) the degree of poisoning is positively correlated with the dose, duration, and
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concentration of toxin; (2) the cerebral lesions are generally symmetrical; (3) the
initial symptoms of the disease are strongly related to the degree of poisoning; (4) the
prognosis of patients with central nervous system involvement is unfavorable; and
(5) toxic leukoencephalopathy can also have no obvious clinical symptoms.

MRI is the gold standard imaging modality to diagnose the diseases involving
the white matter [4]. Magnetic resonance spectroscopy (MRS) is used to detect
the change of brain metabolites in a specified region, which can provide additional
information to establish diagnosis, differential diagnosis, monitor disease progres-
sion, and evaluate treatment response. MRS seems to be a new tool for understanding
and diagnosing TLE.

2. Psychoactive substances-related TLE

Psychoactive substances refer to a series of chemical substances that can affect
human mood, emotion, and behavior, change the state of consciousness, and have
a dependency effect, also known as substances or addictive substances, including
heroin, methadone, oxycodone, and alcohol, etc. Toxic leukoencephalopathy can be
caused by abuse of psychoactive substances.

2.1 Heroin-induced TLE

Heroin has a strong dependence and toxic effects. Long-term abuse of heroin can
cause systemic toxicity damage involving multiple systems and organs, such as brain,
liver, heart, kidney and muscle damage, immune system, hematologic system, and
reproductive system damage, among which brain damage is the most common. The
damage to the central nervous system (CNS) caused by heroin inhalation or intra-
venous injection is commonly referred to as heroin-induced TLE. The reported CNS
damage caused by heroin includes ischemic or hemorrhagic infarction, vasculitis,
thrombosis, aneurysm, brain atrophy, and white matter cavernous degeneration. The
main clinical symptoms are headache, memory loss, epilepsy, ataxia, paralysis, and
other mental disorders [5-8].

Previous studies have described three clinical stages of heroin vapor-related leuko-
encephalopathy. The first stage is described as mostly cerebellar symptoms. And the
second stage includes both cerebellar and extrapyramidal symptoms. Then the third
stage progresses to spasms and akinetic mutism or hypotonic mutism [6]. These clini-
cally recognized stages are related to the degree of white matter involvement on MRL

MRI showed diffuse symmetric hypointense lesions involving the bilateral
periventricular white matter, basal ganglia, brain stem, and superior cerebellum
on T1-weighted images (TIWI) and fluid attenuated inversion recovery images
(FLAIR), with hyperintensity on T2-weighted images (T2WI), without gadolinium
enhancement, and sparing of the subcortical regions, and diffusion restriction on
diffusion-weighted images (DWI) in the acute and subacute stages, nonrestricted
diffusion appearances in chronic stage [6, 7]. However, some studies showed normal
water diffusion on DWI and apparent diffusion coefficient (ADC) mapping in the
acute stage. MRS showed increased lactate (Lac) and myo-inositol (ml), decreased
N-acetyl aspartate (NAA) and creatine (Cr), normal to slightly decreased choline
(Cho), and normal lipid peak in the affected white matter in acute stage. Repeated
MRS in chronic stage showed persistent decrease of subcortical NAA/Cr ratio and ml,
but partly improve, and significantly reduce of Cho/Cr ratio [6].
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MRS revealed the Cho/Cr ratio was low in cortex but was normal in the cerebel-
lum. The Lac/ Cr ratio in cerebellum was significantly increased in patients with the
worst clinical condition. The Lac/Cr ratio in Cortex was only increased in the clini-
cally worst patients and dramatically decreased in chronic stage with the correspond-
ing clinical improvement [9]. A metabolic effect from a heroin-related toxin causing
mitochondrial dysfunction was postulated.

2.2 Methadone-induced TLE

Methadone is a synthetic p-opioid receptor agonist, with pharmacologic and anal-
gesic properties similar to those of morphine, is usually used as a substitute therapy
for drug abuse or dependence, and is also used to control intractable pain. Overdose
of methadone, generally related to pain management, may lead to shallow breathing,
unresponsive, pulseless, gait abnormalities, cognitive impairment, even respira-
tory depression resulting in anoxia, and followed by coma or death. Brain MRI was
normal, or showed bilateral white matter hyperintense lesions on T2WI, and revealed
extensive bilateral restricted-diffusion lesions throughout white matter on DWI, and
hypointense on ADC in the acute stage [10].

In the subacute stage, MRI showed extensive and symmetric hyperintensity abnor-
malities in the deep white matter of both cerebral hemispheres on FLAIR and T2WI,
with sparing of the subcortical U-fibers. And the affected areas had hyperintensity
on diffusion-weighted trace images, but without corresponding diffusion restriction
on ADC. MRS found a marked decrease of the NAA peak with a relative increase of
the Cho peak and a Lac peak [11]. In the chronic stage, MRS showed reduced NAA
and increased Cho levels in white matter, and relatively normal gray matter NAA/Cr
ratios, with partial normalization of metabolites over time [10].

2.3 Oxycodone-induced TLE

Oxycodone-induced TLE presents as altered mental status and decreased respira-
tory effort, akathisia can also present with a biphasic clinical presentation of encepha-
lopathy after oxycodone ingestion, and it occasionally leads to acute obstructive
hydrocephalus [12]. The bilateral globi pallidi and cerebellar gray matter were prefer-
entially affected, but cerebellar white matter and deep nuclei were spared. Oxycodone
acts predominantly on p-opioid receptors, which are located in the cerebellum and
neostriatum, this localization is consistent with the areas of injury of patients on
neuroimaging and argues that the opioids themselves are the toxic agent [12]. Opioid
toxicity and genetic predisposition were proposed as possible pathogenesis.

Findings of brain MRI in the delayed leukoencephalopathy episode revealed
hyperintense lesions in the bilateral globi pallidi, superficial cerebellar hemispheres,
corpus callosum, bilateral cerebral peduncles, posterior limbs of the internal capsule,
and right frontal subcortical white matter and multifocal punctate areas of multiple
white matter tracts on T2ZWI and FLAIR, with associated contrast enhancement on
T1IWI, and with corresponding hyperintensity on TIWI, with punctate areas of dif-
fusion restriction in white matter tracts on DWI, and hyperintensity in the bilateral
cerebral hemispheres on T2WI and FLAIR with sparing of the cerebellar white matter
and deep cerebellar nuclei, are consistent with a subacute toxic encephalopathy
related to oxycodone intoxication. MRS in delayed toxic leukoencephalopathy has
demonstrated decreased NAA and Cho peaks with an elevated lactate peak in affected
white matter in the acute stage. MRS showed qualitatively decreased NAA, Cho, and
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Cr peaks in the globi pallidi, with normal metabolite ratios, without significant lactate
peak in the subacute stage, which supports the diagnosis of a subacute opioid toxic
encephalopathy given the decreased metabolite peaks without a Lac peak [12].

2.4 Wernicke encephalopathy

Wernicke encephalopathy is a metabolic disease of the CNS caused by vitamin B1
deficiency, which partly develops in patients with alcohol abuse [13]. Only 1/3 of the
patients showed the classic triad of manifestations, namely, ophthalmoplegia, ataxia,
and altered mental status. Most of the patients were complicated in the late stage of
various related diseases, and the symptoms of different diseases were intertwined and
coexisted.

The typical MRI findings of Wernicke encephalopathy patients are bilateral and
symmetrical hyperintense lesions in the mammillary bodies, thalami, tectal plate,
and periaqueductal area on T2ZWI and FLAIR [14]. A previous MRS study found that
the NAA/Cr ratio decreased in the thalami and cerebellum and a lactate peak in the
cerebellum in the acute stage, and the NAA/Cr ratio increased in the thalami after
thiamine supplement, but NAA/Cr ratio did not improve in the cerebellum in the
chronic stage. Another research revealed a decreased NAA/Cr ratio without detectable
lactate in the thalami in the subacute stage, and NAA/Cr ratio increased after thiamine
administration. However, the other research reported that a remarkable increased lac-
tate level in the thalami, but without NAA/Cr ratio changes in the acute stage [14-16].

2.5 Marchiafava-Bignami disease

Marchiafava-Bignami disease (MBD) is a rare disease associated with alcohol-
ism, the prevalence of which is less than 0.002% in alcoholics [17]. The pathological
characteristics are symmetrical demyelination, necrosis, and atrophy of the corpus
callosum, extra-callosal white matter can be simultaneously affected, even the
cortex [18]. The clinical manifestations of MBD lack specificity, which manifested
as unconsciousness, confusion, delirium, mutism, seizures, and brain disconnection
syndrome [19]. In the era where the diagnosis depended on the pathological manifes-
tations at autopsy, MBD was considered a fatal disease [20]. The accuracy and num-
ber of antemortem diagnoses were greatly improved after the extensive application
of neuroimaging techniques [19]. However, only a few patients achieved favorable
recovery after treatment, and most had poor outcomes.

MRI plays an important role in the diagnosis of MBD. In the acute stage, sym-
metrical lesions in the corpus callosum with hypointensity or isointensity on TIWI
and hyperintensity on T2ZWI and FLAIR, without obvious mass effect, and the lesions
can extend to the adjacent white matter [21-23]. DWI showed hyperintensity in the
lesions, with hypointensity on ADC [24]. Some patients with gadolinium-enhanced
in lesions in the corpus callosum [25]. With the progression of the disease to the
subacute and chronic stage, necrosis and cystic degeneration can appear in the corpus
callosum, with hypointensity on TIWI and hypointensity on T2ZWI and FLAIR in the
center part of the lesions, and hyperintensity in the peripheral part of the lesions,
especially in the genu and splenium of corpus callosum [26]. DWI showed restricted
diffusion in the center part of the lesions of the corpus callosum, and with restricted
diffusion in the peripheral part [25]. Moreover, no abnormal contrast enhancement
was observed, and the corpus callosum atrophied and thinned, and was particularly
clear and intuitive on sagittal scans [25].
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In previous studies, MRS was usually performed in the acute phase of MBD, the
corpus callosum was the most commonly selected region of interest, followed by
periventricular white matter and right parietal region, occasionally in anterior central
gyrus [27-34]. In the acute phase, MRS showed that decreased NAA peak and NAA/
Cr ratio, a slightly increased Cho peak and Cho/Cr ratio, and a Lac peak could be
observed [27-29, 31, 32, 34]. In the subacute phase, there is a decrease in NAA/Cr
ratio, a partial and gradual decrease in Cho/Cr ratio, and a Lac peak in some patients
were observed [30, 31, 33]. In the chronic phase, the NAA/Cr ratio partially recovered
and the Cho/Cr ratio gradually decreased. The temporary dysfunction of axons can
explain the partial recovery of NAA/Cr ratio, and the decrease of Cho/Cr ratio is
synchronized with the chronic phase of demyelinating. Lac was initially replaced by
lipid peak in chronic phase, which was consistent with axonal injury [30, 35]. Lac or
lipid peaks were not obvious after nearly 1 year of symptoms. MRS findings suggested
that metabolites change over time and supported the pathogenic theory that inflam-
matory response may be accompanied by MBD demyelination and micronecrosis. The
resonance signals of taurine and scyllo inositol increased significantly when observ-
ing the brain of MBD patients who abstained from alcohol by MRS [30].

3. Immunosuppressant-related TLE
3.1 Methotrexate-related TLE

Methotrexate is an anticancer and immunomodulatory drug. Methotrexate-related
TLE is a rare complication in methotrexate therapy. The severity of methotrexate-
related TLE ranges from mild reversible leukoencephalopathy to irreversible and even
fatal disseminated necrotizing leukoencephalopathy. Methotrexate-related TLE can
occur even with low-dose administration and can especially develop with intrathecal
or intravenous administration. The most frequently reported symptom was seizures,
followed by nonspecific symptoms such as cognitive dysfunction, disorientation,
headaches, and visual disturbances [36].

The typical MRI findings are symmetrical hyperintense lesions in white matter,
brainstem, basal ganglia, thalamus, cerebellum, and even spinal cord on T2WI and
FLAIR, with restricted diffusion on DWI and on ADC, with or without gadolinium
enhancement. The limited published data from MRS studies showed a reduced NAA
and Cr and an elevated Cho with or without a lactate peak, which may be associated
with an acute demyelinating mechanism [36].

3.2 Metronidazole-related TLE

Metronidazole is widely used in a variety of infectious conditions and with good
tolerance and has been used to help diminish or control the signs and symptoms of
inflammatory bowel disease, its adverse reactions rarely occur in peripheral neuritis
and brain damage, which are mostly transient and reversible, but few persistent nerve
damage [37]. MRI findings of an adolescent patient with Down syndrome and Crohn’s
disease treated with metronidazole revealed hyperintense lesions in the corpus
callosum, basal ganglia, brainstem, substantia nigra pars compacta, red nucleus,
globus pallidus, putamen, caudate, and cerebellum on T2WT and FLAIR, with slightly
contrast enhancement of the lesions in the red nucleus and cerebral peduncles. MRS
examination demonstrated a persistent Lac elevation during metronidazole treatment
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in the splenium and basal ganglia. Repeat MRI and spectroscopy studies showed new
lesions in the medial thalami and a persistent lactate resonance in addition to the
previously described abnormalities. Repeat MRI at 3 months follow-up showed near-
complete resolution of the previous abnormalities, MRS shows resolution of elevated
lactate peak, lower spectral signal-to-noise ratio reflects reduced volume sampled
within the splenium [37]. The findings on MRS suggest the possibility of a reversible
mitochondrial dysfunction as a cause of the abnormalities.

4. Chemotherapy-related TLE
4.1 Methotrexate-induced leukoencephalopathy

Methotrexate is a commonly used antimetabolic drug, which is widely used in the
treatment of leukemia, lymphoma, and osteosarcoma. Methotrexate interferes with
DNA synthesis by inhibiting dihydrofolate reductase, an enzyme that plays a crucial
role in reducing folate, which plays an important role in DNA synthesis. The inci-
dence of MTX-induced leukoencephalopathy ranges from 3-10%. Studies reported
the restricted diffusion on DWI, which is an early sign to accurately diagnose acute
MTZX-induced leukoencephalopathy [38]. The brain MRI showed widespread periven-
tricular hyperintensity on FLAIR, and with a specific pattern of restricted diffusion
on DWI, MRS showed a slight elevation of the Cho peak with a normal NAA/Cho
ratio, indicating multifocal supratentorial neuronal losses suggested a demyelinating
process, which was more consistent with leukoencephalopathy [38].

5. Environment-related TLE
5.1 Carbon monoxide-related encephalopathy

Delayed encephalopathy due to carbon monoxide intoxication refers to the
patients with acute carbon monoxide (CO) poisoning at first, then suddenly devel-
oped series of nervous system manifestations, mainly including dementia, altered
mental state, pyramidal and extrapyramidal symptoms, and even coma after com-
plete clinical recovery, the duration is usually ranging from 2 to 40 days.

Diagnosis was based on present history of exposure to CO, blood carboxyhemo-
globin concentration in arterial blood immediately after admission and presence of
acute neurological symptoms on admission, and series of nervous system manifesta-
tions after a lucid interval. Acute low-dose CO intoxication seems to cause reversible
neuropsychological impairment whereas patients’ exposure to high-dose CO may
show a complex clinical pattern, that is, delayed encephalopathy and neuropsychiatric
sequelae may occur after a lucid interval of 3 days to 4 weeks after the initial recovery
from the acute stage. Although neuropsychiatric disorders are common, delayed
encephalopathy is a rare and unclear complication.

MRI is routinely used to illustrate abnormalities in the CO-intoxicated brain.
Cerebral MRI showed symmetrical and diffuse hypointensity on lesions in the
centrum semiovale and periventricular white matter on TIWI, with hyperintensity
on T2WI and DWI, and mild hypointensity or isointensity on ADC in the ultra-acute
or acute phase. All of these hyperintense lesions on T2WI and DWI with low ADC in
the CWM persisted in the subacute and chronic phases. In severe cases, the lesions
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could also appear in the subcortical white matter, corpus callosum, and internal and
external capsules. Additionally, the pathognomonic sign of CO intoxication is the
lesions in the globus pallidus [39].

MRS studies demonstrated increased Cho peak and Cho/Cr ratio and reduced NAA
peak and NAA/Cr ratio in the white matter, gray matter, and basal ganglia in the early
period, and a Lac peak appeared in subacute stage, with an increased Lac/Cr ratio
[39-45]. The persistent increase of Cho was thought to reflect the course of progres-
sive demyelination. The appearance of lactate and decrease in NAA reflected that the
neuron injury became irreversible. Patients with Lac peak persisted after the NAA and
Cho peaks had disappeared in the chronic stage were supposed to show poor prognoses,
because extensive neuronal tissue is irreversibly damaged. After starting hyperbaric
oxygen therapy, the Cho/Cr ratio in the white matter started to decrease and the lactate
peak disappeared in chronic stage [45]. The NAA/Cr ratio gradually increased and
did not return to the normal range. MRS showed metabolites in the gray matter had
reverted to normal in chronic stage, consistent with neuronal recovery [39]. In white
matter and centrum semiovale, NAA/Cr had almost returned to normal, Lac was no
longer significantly detected, and mI/Cr had further increased, consistent with chronic
gliosis [41-43].

Compared with patients with transit acute symptoms only, the mean Cho/Cr ratios
in bilateral centrum semiovale were significantly higher in patients with delayed neu-
ropsychiatric sequelae, and no significant difference in mean NAA/Cr ratio between
the above two groups [41]. These findings suggest that the Cho/Cr ratio in the subacute
phase after CO intoxication represents inflammation accompanied by demyelination
in the centrum semiovale, and can predict chronic neurological symptoms [41].

5.2 Toluene TLE

Toluene, which is an organic solvent, inhaling of a large amount of toluene mainly
causes inhibition of central nervous system. The myelin sheath structure of the central
nervous system is rich in lipids. Toluene can easily enter the lipid-rich brain paren-
chyma through the blood-brain barrier, and damage the cell membrane, resulting in
pathological and physiological changes such as nerve tissue demyelination, gliosis,
and iron deposition, thus causing a series of clinical manifestations such as toxic brain
disease. Toluene TLE is caused by long-term inhalation of toluene, characterized by
cognitive impairment, headache, blurred vision, insomnia, hands tremors, and ataxia.
These clinical manifestations lack specificity. MRI showed diffuse and symmetric
hyperintense lesions in subcortical white matter, deep white matter, bilateral external
capsule, bilateral globus pallidus, bilateral thalamus, and bilateral cerebellar dentate
nuclei on T2WI and FLAIR, with hypointensity on TIWI, restricted diffusion in the
same regions on DWI, and reduced ADC value. The most characteristic feature is the
symmetrical “bracket” shaped hyperintense lesions of the bilateral external capsules
on T2WI. ASL showed normal CBF in the bilateral white matter, cortical gray matter,
and basal ganglia. MRS revealed that decreased NAA peak and increased Cho peak,
decreased NAA/Cr ratio, and increased Cho/Cr ratio in the corona radiata [46].

Compared with the health control, the NAA/Cr ratio in the cerebellum and
centrum semiovale of the toluene abusers was significantly lower, but mI/Cr was
higher. Furthermore, no significant difference was found in the NAA/Cr, Cho/Cr, and
ml/Cr ratios of the thalami. There was no difference Cho/Cr ratios between toluene
abusers and control group. The NAA/Cr and ml/Cr ratios in cerebellum and centrum
semiovale were significantly associated with the duration of abuse [47].
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6. Conclusion

The clinical manifestations of patients with TLE are often lack of specificity. TLE
is usually related to psychoactive substances, immunosuppressant, chemotherapy,
and environment (PICE), and the diagnosis is based on a history of exposure to toxic
substances, clinical symptoms and signs, corresponding toxic substances found in
laboratory tests, MRI suggests symmetrical white matter damage, with or without
deep brain nuclei and cerebellar lesions. Meanwhile, MRS can reveal the changes of
metabolites in the affected lesions at different stages, as a supplementary means of
clinical and conventional neuroimaging. Therefore, MRS is helpful for the diagnosis
and differential diagnosis of TLE and can provide information on metabolic abnor-
malities of early lesions.
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ADC apparent diffusion coefficient
Lac lactate

ml myo-inositol

NAA N-acetyl aspartate

Cr creatine

Cho choline

MBD Marchiafava-Bignami disease

CoO carbon monoxide
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Chapter 5

Neuroimaging in Neonates:
Newer Insights

Manikandasamy Veluchamy

Abstract

Neuroimaging plays a key role in management of critically ill neonates with
neurological problems. Magnetic Resonance Imaging (MRI) is the most commonly
used neuroimaging modality in evaluation of neonatal encephalopathy, because
MRI provides better image quality and accurate delineation of the lesion. Newer
modalities of MRI like Diffusion Weighted Imaging (DWI), Diffusion Tensor
Imaging (DTI) are useful in identifying the brain lesion and also in predicting
the neurodevelopmental outcome. Magnetic Resonance Angiography (MRA) and
Magnetic Resonance Venography (MRV) are used to assess the cerebral arteries
and veins with or without the use of contrast material. Arterial Spin Labelling
(ASL) MRI and Phase Contrast (PC) MRI are newer modalities of MRI used
to assess the cerebral perfusion without the use of contrast material. Magnetic
Resonance Spectroscopy (MRS) is a functional MRI modality used to assess the
level of brain metabolites which help us in diagnosing neuro metabolic disorders,
peroxisomal disorders and mitochondrial disorders. Several predictive scores are
available based on the size and location of lesions in MRI, and these scores are used
to predict the neurodevelopmental outcome in term neonates with encephalopathy.
MRI at term equivalent age in preterm neonates used to predict neurodevelopmen-
tal outcome in later life.

Keywords: neuroimaging, magnetic resonance imaging, diffusion weighted
imaging, diffusion tensor imaging, magnetic resonance spectroscopy, arterial spin

labelling

1. Introduction

Neuroimaging is an important and inevitable modality in diagnosis of criti-
cally ill neonates with neurological problems, and also helps in prognostication.
Currently cranial ultrasonography (CUS), computerised tomography (CT), and
magnetic resonance imaging (MRI) are the most widely available neuroimaging
modalities for the evaluation of critically ill neonates. The ideal neuroimaging
technique gives us information which helps in identifying the underlying diag-
nosis, determine the management and in predicting the neurodevelopmental
outcome.
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2. Cranial ultrasonography

CUS still remains the most popular neuroimaging modality, even though advanced
neuroimaging techniques like CT and MRI are available. The presence of fontanelles
in neonates provides an acoustic window for neuroimaging using CUS.

The main advantages of CUS are that it can be done at bedside, absence of ionising
radiation, can be repeated many times and there is no need for sedation. Even though
CUS can be used to detect congenital anomalies of brain, congenital infections and in
identification of hemorrhagic, ischemic and cystic lesions of brain, now a days CUS
is mainly used in screening all preterm neonates born before 32 weeks for clinically
unsuspected Intraventricular Hemorrhage (IVH), Peri Ventricular Leukomalacia
(PVL), and Ventriculomegaly due to Post Hemorrhagic Hydrocephalus [1].

The role of CUS in term neonates is very less in this current era. In neonates with
hypoxic ischemic encephalopathy, abnormalities in cerebral blood flow may be the
early sign which can be diagnosed with transcranial doppler ultrasound, but the
role of CUS as sole imaging modality in term neonates with encephalopathy is very
limited. CUS can be used as a initial screening modality followed by MRI as definitive
neuroimaging modality.

The main limitation of CUS in neonates is the posterior fossa could not be visual-
ized properly, and subtle anomalies in the grey white matter can be missed due to lack
of myelination in the neonatal brain.

3. Computerised tomography

CT scan is very rarely used now as a neuroimaging technique in neonates because
of the risk of exposure to harmful ionizing radiation and also the advent of safer MRI
technique. In the past decade CT scan was considered more sensitive in detecting
acute hemorrhage and calcifications in brain, which is replaced with the advent of
advanced MR sequences with better image quality and higher field strength which
delineates the calcifications and acute hemorrhage better. The main problem related
to MRI is the longer scan times and the requirement of MRI compatible life support
systems while scanning the critically ill neonate.

A comparative study between CT scan, conventional MRI and diffusion weighted
MRI done in term newborns with encephalopathy showed Diffusion weighted MRI is
the most sensitive technique in assessing brain injury in neonates with encephalopathy,
especially for cortical injury, white matter injury and focal lesions such as stroke [2].

CT scan can be used as imaging modality in urgent situations when MRI is not
available, and when baby’s condition is too critically ill which will not allow longer
scan times with MRI.

4. Magnetic resonance imaging

MRI is the most commonly used modality of neuroimaging in evaluation of
Neonatal Encephalopathy. MRI is considered as the standard neuroimaging modality
in term neonates with encephalopathy. Even though conventional MRI sequences
are helpful in diagnosis of neurological problems, advanced MRI techniques such as
Magnetic Resonance Spectroscopy (MRS) and Diffusion Weighted Imaging (DWT)
are useful in identifying the exact etiology.
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5. Indications for MRI in neonates

5.1To identify the cause for neonatal encephalopathy

Neuroimaging plays a key role in diagnosis of genetic and metabolic disorders and
it helps to differentiate metabolic disorders from other causes of neonatal encepha-
lopathy (Figure1) [3].

Neonatal Encephalopathy |
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Figure 1.

Etiologies of neonatal encephalopathy.

5.2 To predict the neurodevelopmental outcome in Term neonates with HIE

and in Very preterm neonates

6. Newer MRI techniques

6.1 Diffusion weighted imaging

Several newer MRI techniques are used now, which helps in enhancing the accu-
racy of diagnosis and also in prognostication.

DWT is currently an indispensable modality of neuroimaging. DWT having been
used most commonly in adults for evaluation of stroke, currently it has been widely
used in neonatal neuroimaging for both diagnosis and prognostic purposes.

DWI uses the diffusion properties of hydrogen molecules within the substance,
when these hydrogen molecules move freely they diffuse away, so signal loss will

occur in DWI. The movement of hydrogen molecules during application of magnetic
gradient affects the signal and direction of movement of hydrogen molecules. When
there is diffusion restriction or reduced diffusion, the movement of hydrogen mol-
ecules are limited which is seen as high signal intensity in DWI.
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The quantitative calculation of diffusion or the rate of diffusion is expressed as
the Apparent Diffusion Coefficient (ADC). ADC mapping used to find out the site
and extent of injury. The areas with diffusion restriction appear brighter with high
signal intensity in DWI and appear darker with low signal intensity in ADC mapping.
ADC values should be interpreted cautiously after 1-2 weeks, because pseudonor-
malization occurs during the sub-acute stage after ischemic event had occurred. ADC
pseudonormalization represents apparent return to normal values on ADC maps,
but DWI still shows high signal intensity. This ADC pseudonormalization does not
represent resolution of ischemic brain damage.

After an acute ischemic event, there is net shift of water from the fast diffusing
extracellular compartment to slow diffusing intracellular compartment, hence there
is a net slowing of water diffusion or diffusion restriction. In the sub-acute stage
after an ischemic event, the cell walls break down in the infarcted area and there is
increased diffusion. This increased diffusion in damaged tissues during the sub-acute
stage is called pseudonormalization as the damaged tissues have diffusion equivalent
to that of normal brain tissue. This pseudonormalization occurs after 2 weeks in
myelinated brain but it occurs earlier in unmyelinated neonatal brain [4].

DWI can be used as supplemental MRI technique along with conventional MRI in
recognising the pattern of brain damage and also in predicting the motor outcome [5].

Figure 2.
Perinatal stroke DWL.
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Figure 3.
Perinatal stroke ADC.

The below figures are the DWI and corresponding ADC mapping images of the
neonate with stroke showing hyperintense lesions in DWT in the left temporo-parietal
cortex and hypointense in ADC on the same location in brain (Figures 2 and 3).

DWI provides evidence of cerebral injury before conventional MRI in term babies
with neonatal encephalopathy.

6.2 Diffusion tensor imaging

Diffusion Tensor Imaging (DTI) uses the property of diffusion anisotropy. The
ADC of intracellular water is lower than that of extracellular water, because the move-
ment of intracellular water is restricted by the intracellular structures and cell mem-
brane. Myelin also impairs the exchange of water molecules across cell membranes.
When water moves parallel to axons, it moves freely within the myelin layers without
crossing the lipid membranes. The water ADC values are greater when parallel to
axons than perpendicular to them. This spatial variation in ADC values within the
brain is called diffusion anisotropy.

The diffusion anisotropy is evaluated and expressed as Fractional Anisotropy (FA)
mapping. FA values usually ranging between 0 and 1. The anisotropy value of the white
matter of neonatal brain is initially low and increases as the myelination increases.

The differences in regional diffusion of the brain structure used to study the
myelination of brain as well as ischemic and non-ischemic areas of the brain.

In DWI magnetic resonance gradients are applied in one to three directions, but in
Diffusion Tensor Imaging (DTI) magnetic resonance gradients are applied in many
directions, from 6 to 30 or more.
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Fractional anisotropy measured using DTI in full term neonates found that there
is significant correlation between white matter structural variation and neurodevel-
opmental outcome [6].

DTI performed at term equivalent age in 32 Extremely Low Birth Weight infants
showed different FA values in white matter regions among infants with or without
white matter abnormalities associated with prematurity and/or Cerebral Palsy (CP).
Low FA values of Region of Interests in DTI are related with later development of
spastic CP in preterm infants with white matter abnormalities [7].

In a study compared DTI in 10 full term neonates without brain injury and 22
neonates with hypoxic ischemic encephalopathy and concluded that DTI can quantify
the white matter injury in neonates with hypoxic ischemic encephalopathy [8].

A systematic review of 19 studies showed that low FA values in white matter
regions are associated with poorer scores on neurodevelopmental clinical assessments
at follow up. This review showed DTT of the key white matter tracts not only identifies
the extent of damage but also predict the neurodevelopmental outcome [9].

Another systematic review included 11 studies were DTI data of very preterm
and moderate to late preterm neonates at their term equivalent age compared with
term controls found that DTI showed statistically significant diffusion measures in
the white matter of preterm neonates which is associated with neurodevelopmental
disability in later life. Hence, DTI can be used as a prognostic tool for neurodevelop-
mental disability in preterm neonates [10].

6.3 Magnetic resonance angiography

Magnetic Resonance Angiography (MRA) is a specific type of MRI, in which the
arteries are specifically looked without seeing the overlying tissues. MRA may or may
not require contrast material depending on the vessels being scanned. MRA plays a
key role in evaluation of neonatal arterial ischemic stroke (NAIS). MRA is able to find
out the etiology of NAIS such as thrombus, embolism or cerebral vascular disorder
like Moyamoya disease [11].

The below Figure 4 showing narrowing of left middle cerebral artery in MRA.

6.4 Magnetic resonance venography

Magnetic Resonance Venography (MRV) is a type of MRI exam in which the veins
are clearly visible without the overlying tissues and MRV often requires contrast
material to enhance the visibility of veins. MRV is the gold standard investigation for
diagnosing Cerebral Sinus Venous Thrombosis (CSVT). MRV used to diagnose CSVT
in neonates underwent cardiac surgery and in neonates who received therapeutic
hypothermia [12, 13].

6.5 Arterial spin labelling MRI

Arterial Spin Labelling (ASL) MRI is an advanced MRI technique used to assess
the cerebral perfusion without the use of intravenous contrast. The protons of the
intravascular arterial blood are labelled with radiofrequency pulses and that labelled
protons are used as endogenous tracer to evaluate the brain perfusion [14].

Higher perfusion values in ASL MRI in neonates with HIE are associated with worse
neurodevelopmental outcome. In a study done in 28 neonates with HIE, the median per-
fusion in basal ganglia and thalami was higher in neonates with adverse outcome than in
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Figure 4.
Perinatal stroke MRA.

neonates with favourable outcome. ASL MRI can predict outcome in neonates with HIE.
ASL MRI can add an extra element along with DWI and MRS in predicting the outcome
in HIE. The combined information of ASL and MRS is the best predictor of outcome [15].

Brain growth and maturation is one of the most important processes that occur
during the neonatal life. Advanced MRI tools such as DWI, DTI and ASL have been
used to observe the process of brain maturation in neonates. ASL MRI provides
quantitative measure of regional brain function and aging is associated with changes
in regional brain function. ASL has been used to see changes in perfusion during the
maturation of brain in neonates [16].

6.6 Phase contrast MRI

Phase-Contrast (PC) MRI is another technique of assessing the cerebral blood
flow. PCMRI provides fast and reliable global cerebral blood flow measurement.

Even though ASL MRI can be used to assess cerebral blood flow, it is challeng-
ing particularly in neonates because it has low sensitivity, poor quantification and
time consuming as it requires acquisition of several images repeatedly. Hence there
is aneed of alternative faster and more robust technique like phase contrast MRI
arises [17].

The mean or global cerebral blood flow is assessed by dividing the total
blood flow to the brain by brain volume. Phase Contrast Magnetic Resonance
Angiography (PCMRA) used to measure blood flow in right and left internal
carotid arteries and basilar artery, total blood flow to brain is calculated by sum
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of blood flow in right and left internal carotid arteries and basilar artery. Brain
volume is determined by sum of volume of grey and white matter in cerebrum,
cerebellum and brain stem.

In a study of 21 infants, the non-invasive PCMRI based method used to assess the
mean cerebral blood flow (CBF). The mean cerebral blood flow is related to brain
volume and postmenstrual age. The mean CBF increases postnatally in the first year
of life [18].

Similar study was done in larger cohort of 344 infants, included 172 preterm
infants and 172 term infants. This study concluded that mean CBF assessed by
PCMRA is dependent on body weight and estimated brain weight also this mean
CBF is more in term infants when compared to preterm infants at term equivalent
age [19].

6.7 Magnetic resonance spectroscopy

Magnetic Resonance Spectroscopy (MRS) is more challenging than conventional
MR imaging. Proton MRS works on the principle of detection of hydrogen nuclei in
brain metabolites such as lactate, N-acetylaspartate (NAA), choline and creatine.

NAA a marker of neuronal activity. Choline, a marker for membrane turnover and
myelination and Lactate, a marker of anaerobic respiration. NAA levels increase with
brain maturity, but Choline and Lactate levels decrease with age as the rapid brain
growth of the neonate slows down in infancy. Proton MRS used to assess these brain
metabolite levels and thereby the brain maturation [20].

In a study done in 24 full term neonates with Hypoxic Ischemic Encephalopathy
(HIE), conventional MR imaging and MRS was done, the differences of
N-acetylaspartate / creatine (Cr), choline/Cr and lactate/Cr in the basal ganglia and
thalamus in the HIE group were significantly different when compared to the control
group, but there is no significant difference identified between mild to moderate HIE
and severe HIE group. Hence MRS can be used as an additional tool for the diagnosis
of HIE [21].

MRS used to assess the absolute concentration and concentration ratios of brain
metabolites such as lactate (Lac), Creatine (Cr), N-acetylaspartate (NAA), and
Choline (Cho), and to predict the outcome after hypoxic ischemic injury. Comparison
of the mild HIE and severe HIE groups showed increased Lac/NAA and Lac/Cho and
decreased NAA/Cr and NAA/Cho peak-area ratios, reduced NAA, and increased Lac
in the infants with the worse outcome [22].

In a systematic review and meta-analysis of 32 studies of the prognostic accuracy
of cerebral MRS biomarkers in infants with neonatal encephalopathy, concluded that
deep gray matter Lac/NAA is the most accurate quantitative MRS biomarker within
the neonatal period for prediction of neurodevelopmental outcome after NE [23].

MRS has been shown to detect abnormal accumulation of Lactate in brain
parenchyma and CSF in patients with mitochondrial disorders. MRS provides a
non-invasive tool for the diagnosis of mitochondrial diseases, especially in children
with nonspecific findings on MRI, normal appearing MRI or a normal blood lactate/
pyruvate ratio [24].

MRS shows elevated glycine levels in the brain of patients with Non Ketotic
Hyperglycenemia [25]. Peroxisomal biogenesis disorder like Zellweger syndrome
shows decreased NAA in proton MRS. Similarly in Pyruvate Dehydrogenase Complex
deficiency MRS shows decreased NAA and Choline peak consistent with hypomyelin-
ation [26].
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MRS has shown to be beneficial in diagnosing neuro metabolic disorders, mito-
chondrial disorders, diagnosis of HIE also in predicting the outcome after hypoxic
ischemic injury and in assessing brain maturation.

7. Role of MRI in predicting neurodevelopmental outcome
MRI is used to predict neurodevelopmental outcome in term and preterm neonates.
71 MRl in prediction of neurodevelopmental outcome in term neonates with HIE

MRI is used to predict the outcome in term neonates after HIE. Several scoring
systems developed over the past decades based on the injury pattern in MRI. A study
done in 51 infants in whom MRI was done and their neurodevelopmental outcome
was assessed at end of 3 months and 12 months. Score was assigned based on injury
patterns in basal ganglia (BG), watershed (W), Basal ganglia / watershed (BG/W).
Maximum score was assigned if the injury is more extensive. This study concluded
that BG/W score was able to accurately predict good and poor neuromotor and cogni-
tive outcome [27].

A study of 20 neonates with simplified MRI criteria was used to predict the
outcome in term neonates with HIE. The MRI injury pattern was graded as follows,

* Grade 1—cases with no central and less than 10% peripheral change

* Grade 2—those with less than 30% central and/or 10-30% peripheral area
change, and

* Grade 3—those with more than 30% central or peripheral change

This study showed that all neonates with grade 3 MRI changes were died or had poor
neurodevelopmental outcome, grade 1 MRI changes had normal outcome and those
with grade 2 MRI changes had moderate or normal outcome, and concluded that this
simplified MRI criteria is highly predictive of neurodevelopmental outcome [28].

A study done by the National Institute of Child Health and Human Development
(NICHD) Neonatal Research Network assessed the ability of MRI patterns of neonatal
brain injury to predict death or Intelligent Quotient (IQ ) at 6-7 years of age in infants
who received hypothermia treatment for neonatal encephalopathy. The NICHD clas-
sified the injury pattern as follows:

¢ 0—normal MRI

* 1A—minimal cerebral lesions only with no involvement of Basal ganglia Thalami
(BGT), Anterior Limb of Internal Capsule (ALIC), Posterior Limb of Internal
Capsule (PLIC), or Watershed (WS) infarction

* 1B—more extensive cerebral lesions only with no involvement of BGT, ALIC,
PLIC, or WS infarction

* 2A—any BGT, ALIC, PLIC, or WS infarction noted without any other cerebral
lesions
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¢ 2B—involvement of either BGT, ALIC, PLIC, or area of infarction and additional
cerebral lesions and

* 3—Cerebral hemispheric devastation

The primary outcome was death or IQ <70. The disability among survivors also
classified as mild, moderate and severe based on IQ score and Gross Motor Function
classification system. This study concluded that 2B and 3 pattern of MRI injury is
highly predictive of death or IQ <70 at 6-7years of age [29].

Similar scoring system based on MRI injury pattern also predicted the neurodevel-
opmental outcome at 18-24 months in neonates with HIE [30].

Even though grading systems vary, but the MRI injury patterns after neonatal
hypoxic ischemic encephalopathy used to predict the future neurodevelopmental
outcomes.

7.2 MRl in predicting the neurodevelopmental outcome in Preterm neonates

Preterm neonates who are born at gestational age of 32 weeks or less are more at
risk of adverse neurodevelopmental outcomes. MRI at term equivalent age has been
used to predict the neurodevelopmental outcome in preterm neonates.

A study done in 167 very preterm infants found that moderate to severe white
matter abnormalities in MRI at term equivalent age is predictive of adverse outcomes
like cognitive delay, motor delay, cerebral palsy and neurosensory impairment at
2 years of age [31].

A systematic review of 20 studies showed that the presence of moderate to severe
white matter abnormalities on MRI around term equivalent age can predict the motor
function and cerebral palsy in very preterm infants [32].

8. Conclusions

Neuroimaging is essential in evaluation of neonates with encephalopathy and
other neurological problems. Even though CUS and CT scan also commonly used
imaging modalities, MRI is more advantageous in terms of superior image quality and
it provides multiple tissue parameters like location, extent, vascularity and functional
status. MRI avoids the risk of exposure to ionizing radiation. MRI is the imaging of
choice for better delineation of posterior fossa structures. Newer modalities of MRI
like DWI, DTI, and MRS are used to accurately assess the anatomy and functional
status of brain, also to predict the neurodevelopmental outcome.

The only disadvantage of MRI is requirement of stronger magnetic field and
longer image acquisition time, which is a major hindrance in doing MRI in critically ill
neonates. When we suspect intracranial hemorrhage in term neonates with encepha-
lopathy, a non contrast CT scan can be done. But with the availability of safer MRI
technique, with the advent of newer MRI techniques and also with the availability of
MRI compatible instruments, MRI scan could be considered as initial imaging modal-
ity even in sick neonates for better assessment.
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Chapter 6

Advances in Magnetic Resonance
Imaging in Multiple Sclerosis

Rasha Abdel-Fahim

Abstract

Multiple sclerosis is the second most common cause of disability in young adults.
Conventional imaging so far failed to explain the extent of clinical disability even by
careful examination of white matter lesion volume and their topographical distribu-
tion. The increasing availability of ultra-high field imaging allowed the improvement
in understanding the dynamic lesional and extralesional pathology in different stages
of the disease and their potential contribution to clinical and cognitive disability. The
contribution of cortical lesions of different subtypes, the degree of microstructural
damage in those lesions has been examined. This is in addition to the influence of
white matter lesions and spinal cord pathology on the degree of disability in multiple
sclerosis. Prognostic factors influencing long-term disability in patients with multiple
sclerosis have also been a subject of interest for many years, particularly their signifi-
cance in early decision-making with regard to disease-modifying treatment choice
and early initiation. The frequency of iron rims in white matter lesions has been
linked to increased disease severity in multiple sclerosis. Iron rim lesions’ potential
evolution to slowly expanding lesions as well as the long-term prognostic impact of
such lesions on the degree of clinical disability has also been examined in this chapter.

Keywords: cortical lesions, multiple sclerosis, iron rims, slowly expanding lesions,
magnetization transfer imaging

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the nervous system,
and it is the second commonest cause of disability in young adults. It presents with
different phenotypes, the commonest being relapsing remitting which presents with
relapses, and it constitutes around 80% of patients. Most patients in the relapsing—
remitting phase convert to the secondary progressive phase between 10 and 15 years
from onset. During the secondary progressive phase of the disease, the clinical decline
is usually gradual with some patients experiencing superimposed relapses. A cohort
of patients, of around 15%, presents in a progressive phase from onset and labeled as
primary progressive MS (PPMS).

Magnetic resonance imaging (MRI) is very significant not only in diagnosis but
also in providing prognostic views. Utilization of MRI in diagnosis has depended
mainly on white matter (WM) lesion load as well as spatial distribution and temporal
accumulation to establish dissemination in space and time.

71 IntechOpen



Frontiers in Neuroimaging

Despite advances in imaging, extensive examination of WM lesions over the years
has not explained the variability in clinical course and the variable degree of physical and
cognitive disability posing an obvious struggle to address the clinico-radiological paradox.

The evolution of MRI techniques over the years and more recent advances in
high and ultra-high-field imaging has contributed significantly to bridging the gap
between radiological, clinical, and even pathological views in MS. This has provided a
paramount insight into lesions pathology and in turn MS pathology.

Recent evolution of imaging in MS has focused on exploring imaging techniques
that could explain clinical disability given that WM lesions solely cannot account fully
for the clinical decline. In turn, such understanding of mechanisms of MS pathology
could facilitate prognostic tools which would be a useful biomarker in decision-
making with regards to disease-modifying treatment (DMT) initiation.

2. Cortical gray matter pathology in MS

Cortical lesion pathology is an emerging imaging biomarker that has been receiv-
ing an increasing attention due to its increasingly perceived contribution to clinical
disability.

Cortical lesions are prevalent at the early stages of MS disease course and their
abundance has been illustrated in early MRI and histology studies on post-mortem
MS brains [1]. It is suggested that they develop in the early stages of the disease even
before (WM) lesions [2].

Despite their significant contribution to MS pathology and physical and cognitive
disability, their consideration during decision-making is non-existent. This is due to
the current challenge in detecting cortical lesions using clinical scanners and the need
for higher magnetic field strength to facilitate their depiction.

3. Cortical lesions pathology in MS

Cortical lesions are classified based on their location within the cortex into type
1 (Leukocortical) which extend between the cortex and white matter, type 2 (intra-
cortical) which are usually confined to the cortex, and type 3 (subpial) which usually
extend from the pia surface to cortical layer 3 or 4 and usually appear as ribbon-like
lesions extending through large surface of the cortex [3]. Leukocortical lesions are
usually the most prevalent type of cortical lesions, accounting for over 60% of the
total cortical lesions count (Figures 1 and 2) [4].

Pathology of either cortical lesions or WM lesions development is complex, has
been hypothesized over the years, and is likely to involve multiple mechanisms.
Spinal lesion load correlated to subpial lesion subtypes despite small WM lesion load,
suggesting a similar mechanism of lesion development with their proximity to the
meninges [6, 7]. A difference in the intensity of lesions in the cortex from WM lesions
in 7Tesla T2* was noted, which could reflect pathology finding of less inflammation
in cortical lesions in comparison with WM lesions and supports the notion that they
have different mechanisms, degree of tissue damage, and probably contribute to
disability in different ways [3, 6].

The small size of cortical lesions and the scarcity of myelin in the cortex posed
challenges to their detection via conventional clinical magnetic resonance imaging
tools. However, advancement in the magnetic imaging field, especially different
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Figure 1.
Cortical lesions as seen in different sequences. To ensure blinding, the white matter was evased and lesion detection

was undertaken using the segmented cortical ribbon. MTR offers advantages in providing increased sensitivity
in GM lesion detection and move clear classification of lesion location. Intracortical lesions (arrows) and mixed
leukocortical lesions (arrow heads) were detected on MTR (B1, B2) and DIR (D1, D2) but were undetectable
on MPRAGE (A1, A2) or T2* (C1, C2). DIR (arrows D1) frequently misclassified lesions as leukocortical when
MTR maps (arrows B1) clearly show intracortical lesion with normal appearing adjacent WM [5].

-

Figure 2.
Examples of subpial cortical lesions (arrows) on MTR [5].

sequences, as well as ultra-high field strength, facilitated further studying of cortical
lesions and their contribution to understanding MS clinical course.

Ultra-high-field imaging at 7 Tesla has improved our understanding of cortical
pathology via its increased sensitivity to depicting cortical lesions in comparison
with 3 T MRI sequences. Magnetization transfer imaging (MTI), magnetiza-
tion prepared two rapid acquisition gradient echo (MP2RAGE), T2*, and Double
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inversion recovery (DIR) sequences at 7 Tesla proved sensitive to depicting cortical
lesions in vivo, particularly leukocortical lesions, however, with less sensitivity to
intracortical and subpial lesions [5, 8-10]. DIR, phase-sensitive inversion recovery
(PSIR), and MP2RAGE have proven less sensitive to cortical lesions depiction in
comparison with 7 T PSIR, MP2RAGE, T2*, and MTR especially of subpial subtype
(Figure 3) [5, 8, 11].

Cortical lesion load, especially leukocortical lesions, is generally higher in patients
with SPMS in comparison with those in RRMS. However, no significant difference
was observed in intracortical or subpial lesion load among different MS phenotypes
[6]. Higher cortical lesion load was the main difference between progressive and
relapsing cohort even on comparing WM and spinal cord lesion load, favoring the
correlation between focal cortical lesion pathology and progressive phase of the
disease [6]. Cortical lesion load was higher in those with higher WM lesion loads;
leukocortical lesion load in particular correlated with WM lesions load with less cor-
relation indicated with other cortical lesions subtypes [6].

To determine factors influencing the degree of disability in MS patients, the
main emphasis should not only be on cortical lesion load but also the topographical

IT-MPRAG y 7T-FLASHT2*

Figure 3.
Axial view of the sequences used in a relapsing—remitting MS patient [5].
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distribution of those lesions. Utilizing ultra-high field strength allowed not only
improved sensitivity in detecting cortical lesions but also better characterization

of their topographical distribution. Cortical lesions tend to have a predilection to
motor areas such as premotor cortex, precentral gyrus, and mesial temporal regions
[10, 12]. However, it is important to appreciate technical challenges when using
ultra-high field imaging to assess cortical lesions as it often underestimates lesion
load in temporal and occipital lobes due to associated inhomogeneity observed in
those areas at higher magnetic field strength.

4. Cortical lesions and clinical disability in MS

The impact of cortical lesions on physical and cognitive disability has been a
subject of interest and extensively examined. Studies revealed a higher number
of cortical lesions in patients with progressive MS in comparison with those with
relapsing-remitting MS (RRMS), as well as association between worsening physical
disability indicated by EDSS and cortical lesion load especially subpial lesions [13].
On the other hand, cognitive performance showed a higher association with leukocor-
tical lesion load, subpial lesion load, and cortical thickness, but the association with
leukocortical lesion and subpial lesion load was stronger than with cortical thickness
at 7 Tesla imaging [13]. Another study observed that cortical lesions T1 values were
not different in RRMS patients in comparison with progressive MS patients, but
they were higher in leukocortical lesions in comparison with other cortical lesions
subtypes [6].

Using DIR at 1.5 T, analysis of cortical lesion load at baseline correlated with the
degree of physical disability, indicated by EDSS, 5 years later, with no significant
contribution to the rate of new lesions development. Furthermore, there was no dif-
ference in the rate of development of cortical lesions in different disease phenotypes.
This could well be due to the lower sensitivity of DIR at 1.5 T to cortical lesions detec-
tion [14]. Taking into consideration WM lesion load as well as degree of gray matter
atrophy, the association of cortical lesions with cognitive and physical disability in all
MS disease phenotypes was more consistent than any other parameters [14].

Improved and early detection of cortical lesions would contribute significantly to
earlier consideration of diagnosis, potentially providing a step closer to being con-
sidered in diagnostic criteria, and potential implications on prognosis especially on
physical and cognitive outcomes. Most importantly, improved imaging detection of
cortical lesions would offer a promising biomarker for DMTs evolution and treatment
targets.

5. Role of automated lesion detection

Manual segmentation of lesions is time-consuming and subject to inter as well
as intra-rater variability. Automated detection of cortical lesions on MRI has been
evolving in recent years. However, implementation of deep learning methods in
cortical lesions segmentation has been challenging due to the difficulty in detecting
some lesion subtypes, especially subpial and intracortical lesions, in addition to the
relatively small size of cortical lesions and the lower contrast in comparison with
surrounding normal-appearing gray matter tissue. High magnetic field strengths such
as3 T and 7 T are often needed to facilitate cortical lesion detection. Despite higher
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field strength providing better resolution and signal-to-noise ratio, it has higher field
inhomogeneity across the images in comparison with conventional imaging, which
poses a challenge to implementing automated segmentation techniques.

Multiple sclerosis lesion analysis at seven tesla (MSLAST) is a new automated
method to detect lesions based on estimation of partial volume and topographical
constraints using a single MP2RAGE, which provides good tissue contrast for detec-
tion of WM as well as cortical lesions and less affected by BO and B1 inhomogeneities.
Automated segmentation using a single image MP2RAGE showed better performance
with WM lesion detection than cortical lesions detection, with sensitivity at 74%
and 58%, respectively, and false positive rate at 40%. When the radiological MS
lesions definition (volume approximately >15 ul) was implemented, its detection rate
improved to 80% of WM lesions and 63% of cortical lesions [15].

Automated segmentation was reproducible than manual segmentation, however,
with significant challenges, in particular using MSLAST technique, such as the lack of
sensitivity to detect periventricular lesions as they have similar contrast to CSF, hence
were included in the CSF mask. The same hurdle is noted with cortical lesion segmen-
tation due to the lack of strong contrast between gray matter and cortical lesions, as
well as the small size of cortical lesions. MSLAST also underestimated lesions volume,
probably due to the partial volume effect and its lack of efficiency in delineating
lesions borders [15].

Working on the range of sequences available at 7 T and improving the tissue
contrast will help achieve better brain segmentation, partial volume estimation, and
lesion segmentation, which in turn will improve the quality of MSLAST technique
and its accuracy.

The second method of automated lesion detection at 7 Tesla using MP2RAGE and
T2* sequences showed cortical lesion detection rate was 67%, false positive rate was
relatively high at 42%, however, with retrospect analysis by a second reviewer false
positives were deemed to be potential lesions [16]. This supports the notion of how
challenging cortical lesion segmentation could prove.

A relatively new deep learning-based method is Cortical Lesions Al-based
Assessment in Multiple Sclerosis (CLAIMS) which compared cortical lesion detection
rates using ultra-high field 7 T MP2RAGE and T2*w contrasts (T2* EPI and T2* GRE)
fed into their U-net based deep learning method. It showed that T2*w sequences did
not add any value to the sensitivity of cortical lesion detection. Furthermore, they
showed that models utilized T2*w sequences either T2* EPI or T2* GRE performed
very poorly in comparison with models that used only MP2RAGE. Intracortical lesion
subtype detection, as expected, was the most challenging with a detection rate of 53%,
while performance was better for subpial and leukocortical lesions with a detection
rate of 70% and 80%, respectively. CLAIMS also compared models with MP2RAGE of
different voxel size at 0.5 mm or 0.7 mm or both 0.5 mm and 0.7 mm. They found that
lesion detection rate dropped by 20% on moving from 0.5 mm acquisitions to 0.7 mm
acquisitions which confers the importance of higher resolution images for lesion detec-
tion rate, even using automated methods of image analysis [17].

On comparing CLAIMS and MSLAST, CLAIMS showed higher performance
with a good degree of classification of cortical lesions to intracortical and
leukocortical [17].

Despite intense efforts and increasingly sophisticated techniques in automated
lesion detection methods, intracortical lesion detection remains poor, as well as
overall false positive rates. The lesser contrast between cortical lesions and their
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surrounding normal-appearing tissue in comparison with WM lesions and their
surrounding tissue constitutes a challenge to a highly accurate deep-based learning
method to be utilized reliably in cortical lesion detection.

6. Progression independent of relapses (PIRA)

Progression independent of relapses (PIRA) is an increasingly recognized phe-
nomenon in MS, particularly in the progressive phase of the disease but also in RRMS
patients [18]. Studies on the correlation between MS relapses and associated new T2
lesions with disability progression are controversial. Some suggest that the frequency
of relapses in early disease course influences long-term disability progression [19],
while recent studies did not identify such a correlation [18].

Ocrelizumab appeared to be superior to Betaferon in reducing PIRA as well as
reducing the frequency of relapses, explaining why Ocrelizumab is effective in pri-
mary progressive MS patients [20]. In the same study, PIRA was observed to account
for 80-90% of disability progression [20].

The frequency of new lesions was found to be higher in patients who had progres-
sion related to relapses (90%) than in those with PIRA (11%), however, lesion accrual
in the PIRA group was identified a few years before disability progression refuting
the theory that progression is due to new lesion accrual [21]. Despite the evolution in
DMTs, reducing the risk of relapses associated with disability, it did not significantly
influence the risk of PIRA which increased with the age of onset of disease and with
spinal cord lesions [21].

7. No evidence of disease activity (NEDA)

The use of relapse rate as an outcome measure in MS trials is becoming increas-
ingly irrelevant as it provides a very limited insight into the natural history of the
disease and in turn DMTs efficacy.

The use of composite outcome measures that incorporate imaging with clinical
data has proven to be more promising in monitoring disease evolution and treatment
response in clinical trials. NEDA is a concept that developed over time, states no
evidence of disease activity in terms of relapse, disability progression (defined as an
increase in EDSS score of 1.5 points from a baseline score of 0, of 1.0 points from a
baseline score of 1.0 to 5, or of 0.5 points from a baseline score of greater than 5.0), or
MRI activity (NEDA-3) is an increasingly used composite outcome measure to assess
disease evolution in clinical trials. With further incorporation of imaging into this
composite, NEDA-4 was introduced. NEDA-4 adds whole brain volume loss (mean
annualized rate of brain volume loss in healthy brains should be less than 0.4%) to
NEDA-3 measures [22].

Even though achieving NEDA-3 in the first 2 years of disease onset was not
found to influence long-term progression [21], achieving NEDA-4 was correlated
with reduced risk of long-term progression [23] which is compatible with the long-
acknowledged view of the role of brain atrophy in long-term disease progression [18].

Despite the advantages around using a composite scale incorporating different
measures, there is some skepticism regards some of these scales especially EDSS.
The non-linear progression of this scale, the non-uniform progression between
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different stages, and the inter and intra-assessor variability when implementing at
different clinical visits. It is also not easy to implement and imprecise at the lower
end of the scale, too driven by mobility distances at the middle and higher end of
the scale and fails to take into account upper limb function which means a patient
can score very highly for having one severe cord relapse ending the patient wheel-
chair dependent [24-26].

It is also important to note that despite the NEDA being a vital tool in monitoring
disease outcomes, it mainly evaluates the active aspect of the disease without much
emphasis on the neurodegenerative aspect [27]. Given that cognitive decline consti-
tutes a significant aspect of MS disease, and it usually represents one of the earliest
signs of disease progression and the degenerative component of MS, it will be crucial
that it is taken into account in such composite scales [27].

8. Iron rim and slowly expanding lesions

Prognostic scores have been an area of interest for decades. Prognostic factors
employ a mix of clinical features or MRI metrics. However, current radiological
prognostic metrics depend on the presence of a higher degree of tissue damage to
predict long-term severe disability. Hence targeting those patients with high-efficacy
treatments at that stage of the disease, when a lot of the damage is already estab-
lished, is probably not the most effective way of preventing future disability. It is also
important to note that application of various prognostic indicators is challenging at
the individual level and more acceptable at the group level.

With the continuous advancement in MS imaging field and the increase availabil-
ity of ultra-high field imaging, it is important to be able to risk stratify MS patients
early in the disease course, to assist DMT choice. In order to do this, we need an early
radiological prognostic indicator to salvage brain tissue from future damage and
improve brain reserve, which will be crucial when patients are entering the progres-
sive stage of the disease.

Iron is the most abundant trace metal in healthy individuals’ brains. Dysregulation
of brain iron levels correlates to development of various neurodegenerative diseases,
including the worsening of MS [28]. Iron is present in macrophages; however, its
concentration varies depending on the stage of the disease. Histopathology showed
that iron is present at high levels in slowly expanding lesions, but most importantly
not present in remyelinating plaques [28].

Despite the controversies around brain iron accumulation and if it is contribut-
ing to neurodegeneration or if it is simply an epiphenomenon reflecting brain tissue
degeneration, it is clear the association between its presence and worsening clinical
parameters. It is even becoming more apparent as a prognostic factor.

Magnetic resonance imaging is sensitive to iron detection. T2 and T2" relaxation
contrasts are shown to be sensitive to iron detection in comparison with T1 relax-
ation. In particular, T2* and susceptibility-weighted imaging (SWI) are more sensi-
tive to iron detection than T2w. Iron enhancement increases with higher magnetic
field strength. Despite how sensitive those parameters are to iron deposition, they
do not reflect iron concentration, so they constitute a qualitative measure of iron
presence. Magnetic field correlation imaging (MFC), phase imaging, and R2* map-
ping are semi-quantitative techniques that offer some rough quantification to iron
content, but their estimates depend on iron content in a given voxel as well as iron
content in voxels surrounding. Quantitative susceptibility mapping (QSM) uses GRE
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phase images and eliminates blooming artifacts to quantify the local tissue magnetic
properties (Figure 4).

Iron rim WM lesions are reported to constitute between 10 and 15% of all WM
lesions [29, 30]. Iron rims around WM lesions appearing as rim of elevated R2* using
7 T was found in a small cohort of patients of different disease phenotypes either
RRMS or progressive MS and in patients with different degree of disability, which
reflects the degree of heterogeneity in iron distribution in MS patients. Other studies
showed that the core of white matter lesions had low R2* relaxation reflecting low
myelin and iron, while R2* was high around the demyelinated core reflecting high
myelin and iron deposition [31]. This pattern of iron deposition is also present in
slowly expanding lesions [32].

A study using QSM at 7 T followed patients for 2.4 years showed no significant
change in size or signal intensity pattern of WM lesions [33]. However, there
was a change in characteristics of some of those lesions, mainly in terms of iron
contents and distribution within those lesions [33]. This change in characteristics
was explained by the interaction of different macrophages phenotypes, classically
iron-rich activated macrophages with M1-polarization which secretes proin-
flammatory toxic cytokines and are known to be neurotoxic, and M2-polarized
macrophages which have the phagocytic capacity and are significant for tissue
repair [34]. The change in iron distribution in some iron lesions or the switch from
non-iron to iron at times is hypothesized to be due to the alteration in macrophages
phenotypes [33].

On the other hand, iron rims in cortical lesions were investigated using 7 T T2*
GRE and inversion recovery turbo field echo (TFE) sequences in post-mortem brains

Figure 4.

Typical appearance of two lesions with vims on (a) SWl-filtered phase image corresponding with (b) T1-weighted
(MPRAGE). Enlarged images of the lesions indicated using the white arrows from diffevent patients are shown in
the black box with the characteristic hypo-intense rim surrounding most of the lesion [5].
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of MS patients. They found that iron rims lesions (IRLs) are associated with acti-
vated microglia at the border of chronic active cortical lesions and show high iron
contents [10]. Another post-mortem imaging study that employed T2* mapsat7 T
showed large areas of demyelination detected in histopathology, extending from the
subpial surface across all layers of the cortex and involving full gyri in some sec-
tions, but often went undetected in imaging. Re-examining the images yielded 67%
of the undetected lesions detected retrospectively. This disparity between imaging
and histopathology was not solely due to the small size of lesions being difficult to
detect, but also due to the variability of cortical ribbons contrast according to their
function, which affects the contrast between lesions and surrounding normal corti-
cal tissue [35]. However, in that study, no iron-positive lesion edges were detected
in cortical lesions, but the study sample was very small to draw any decisive conclu-
sions [35]. A larger post-mortem study observed that cortical lesions with rims of
activated microglia were more prevalent in patients with early active disease, died
at a younger age and were associated with a higher frequency of chronic active WM
lesions [36].

9. Slowly expanding lesions (SELs)

White matter chronic active lesions are prevalent in MS patients and pathologi-
cally they are surrounded by iron-laden activated microglia/macrophages that expand
in size over time due to continuous demyelination and axonal loss [37]. While MS is
composed of relapses and disease progression, it is suggested that active lesions, which
are more prevalent in early disease course, contribute to relapses, whereas smoldering
slowly expanding lesions (SELs), which are more prevalent in progressive MS, are
more associated with disease progression [37]. The frequency of smoldering plaques
increased with a longer disease duration [37]. Chronic active lesions have a paramag-
netic iron rim, and it showed an increase in size gradually over time with serial T1
and T2w images over years [38]. However, other short-term longitudinal studies over
2.5 years using 7 T T2* did not show expansion of iron rim lesions over time [39].

Another attempt to understand and assess the evolution of WM lesions with and
without iron rim is by categorizing lesions into two groups according to the way they
take up contrast; centrifugally enhancing lesions (inside-out dynamic contrast leak-
age) and centripetally enhancing lesions (outside in dynamic contrast leakage) [40].
At follow-up, 18 months later, none of the centrifugally enhancing lesions had a phase
rim [40]. The larger the size of lesions at baseline the higher chance phase rims will
persist at follow-up regardless of the contrast pattern at baseline [40]. Rim persistence
was also associated with the least recovery of T1 intensity in those lesions over time,
suggesting that it is likely that phase rim does not only reflect associated inflamma-
tion but also a degree of tissue damage [40].

The brain’s response to the acute inflammatory process in active lesions is to
contain it via immune-mediated process or astroglial reaction, and failure of these
processes can break down blood-brain barrier manifesting as centripetal enhancing
lesions, and infiltration of macrophages and activated microglia, reflected in early
phase rim [40].

Monitoring the change in the size of lesions over time using the Jacobian determi-
nant of the deformation between reference and follow-up scans, showed that patients
with PPMS had a higher number of SELs in comparison with RRMS patients [41].
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SELs had lower T1 intensity at baseline and a greater drop in T1 intensity over time in
comparison with T2 lesions that did not show an increase in size [41].

10. Examining the destructive nature of iron rim lesions and SELs

Rim lesions are noted to be larger in size than non-rim lesions [29] which could be
due to the destructive microstructural nature of those lesions with larger centre and
more extensive area of axonal loss, or due to the expanding nature of those lesions
which could account for their larger size and more destructive nature. Some studies
suggest that lesions which are larger at baseline are more likely to expand at follow-up
[40] and adopt a slowly expanding lesion pattern. However, we also need to consider
that it could be that those rim lesions are simply less likely to shrink in comparison
with non-rim lesions [29].

In a post-mortem study using 7 T sequences, it was observed that neither
shadow plaques (fully remyelinated lesions) nor active lesions showed edge-related
iron accumulation in microglia or macrophages [29]. Most MS lesions had a very
low concentration of iron in the centre of lesions in comparison with surround-
ing white matter [29]. In that study, iron rim lesions were more likely to expand,
whereas non-rim lesions were more likely to shrink [29]. Most shadow plaques did
not show iron in their lesion edges [29, 40]. The lack of iron at the edges of active
lesions was explained by the likelihood that myelin at the edge of active lesions
is mainly taken by macrophages, which are mobile and eventually accumulate in
perivascular spaces, while in SELs tissue debris are taken by microglia which are far
less mobile and remain at lesion edges for prolonged periods of time constituting
iron rims [29].

In histopathology studies, remyelinated lesions were often more vulnerable to
recurrent demyelination than normal-appearing white matter. Recurrent slowly
expanding demyelination, in previously demyelination affecting remyelinated areas,
correlated with incomplete remyelination in progressive MS patients [42].

MP2RAGE is composed of a modified MPRAGE sequence to create two differ-
ent images at different inversion times aiming to alleviate the inhomogeneity at a
high magnetic field, which affects spatial resolution [43]. While T1 prolongation
manifesting in black holes is accepted as a marker of severe axonal loss, changes in T1
relaxation are suggested to be a good quantitative marker of the degree of demyelin-
ation and remyelination iz vivo, as myelin strongly determines T1 relaxation time in
MS lesions [43, 44]. On acquiring quantitative T1 maps with MP2RAGE sequence at
7 T, long T1 relaxation lesions appeared as black holes on T1 images, while short T1
relaxation lesions appeared as iso-intense or hypo-intense to cortex, and lesions with
long T1 relaxation and short T1 relaxation areas were categorized as mixed lesions
[44]. Correlating imaging to histopathology, T1 time was longer in demyelinated
than remyelinated lesions and correlated with severe axonal loss. 7 T MP2RAGE was
a good marker to differentiate demyelinated from remyelinated lesions as well as mild
from severe axonal loss with a good degree of sensitivity and specificity [44]. Visual
inspection of 7 T MP2RAGE T1 maps was a good measure to qualitatively classify
fully demyelinated, partially demyelinated, or remyelinated lesions [44]. In the same
study, 48% of PRL were long T1 and a similar percentage of mixed T1 while only
4% short T1 relaxation; moreover, PRL status explained 78% of the variance in T1
relaxation time [29, 44].
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In keeping with previous studies suggesting that remyelination capacity can
be variable depending on the topographical distribution of lesions, long T1
relaxation lesions were mostly noted in the periventricular and juxtacortical white
matter with subcortical lesions showing more capacity to evolve into short T1
relaxation, while juxtacortical and periventricular lesions more likely to evolve
into long T1 relaxation [44, 45]. In terms of remyelination capacity, small lesions
with shorter T1 time showed more repair than large lesions with similarly short
T1 relaxation time [44, 46]. As expected, with higher age at the time of lesion
formation, there was an associated increase in mean T1 lesion relaxationat7 T
follow-up, even on taking into account disease duration and disease-modifying
treatment [44].

Supporting the view of the destructive nature of SEL, a 9-year follow-up
study showed EDSS score worsening over the follow-up period in patients with
>4 SELs and lower baseline MTR in SELs [47]. Another study showed worse
EDSS and ARMSS (age-related multiple sclerosis severity) at 10 years follow-up
in patients with >4 IRL (Figure 5) [48]. Conversion to SPMS and higher EDSS
at 9 years follow-up was associated with lower baseline MTR of SELs and higher
T1 signal intensity decline in SELs at 2 years follow-up when compared with
baseline, reflecting the contribution of the degree of microstructural tissue
damage to the degree of future disability [47]. As the aforementioned factors
can overlap in influencing EDSS worsening, and similarly conversion to SPMS is
usually associated with higher and worsening EDSS, multivariate analysis that
took into account the contribution of baseline SELs MTR, the proportion of SELs
among white matter lesions to EDSS worsening at 9 years follow-up, and SPMS
conversion found that while both factors contributed to EDSS worsening, the
model only retained baseline SELs MTR as an independent predictor to SPMS
conversion [47].

Evaluation of the effect of disease DMT on the evolution of SELs is crucial yet lim-
ited. It was observed that patients on Fingolimod and Natalizumab had higher volume
and number of SELs over 24 months period, however, rate was lower in Natalizumab
patients suggesting higher efficacy [49]. Moreover, SELs showed lower MTR values
and T1 intensity in comparison with non-SEL, while non-SELs exhibited more
improvement in MTR values than SELs [49]. This supports the view of the destruc-
tive nature of SELs and the notion that the lesser the degree of damage in lesions the
higher the chance of recovering with disease-modifying treatment.
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Figure 5.

ARMSS at baseline and currvent clinical follow-up in IRL patients. The number of IRLs were grouped to
(a; 0 IRLs, 1-3 IRLs and > 4 IRLs), (b; less than 4 IRLs and 4 or more vims) [5].
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11. SELs and disability

Black holes have been a marker of neurodegeneration and axonal loss. The higher
percentage of persistent black holes coincided with SELs; such an association suggests
an evolution from an initial stage of chronic active lesions, or SELs to more chronic
lesions, or black holes where severe axonal loss is the more prominent feature [50].

Chronic active lesions provide a reasonable explanation for clinical disability
worsening in MS patients beyond mere total lesion load [50]. In a retrospective obser-
vational study with up to 12 years follow-up, employing a mixed-effects regression
model observed that the increase in SELs predicted EDSS worsening not baseline total
lesion volume or disease duration which were also included covariates in the model
[50]. Moreover, for every unit increase in SELs, a fivefold higher risk for worsening
EDSS; when paired with total baseline lesion volume in the same regression, the
increase in SELs volume still performed better [50]. SELs log volumes negatively cor-
related with normalized brain volume and with normalized cortical gray matter [50].

It is thought that the neurodegenerative process in SELs is the main driver of
physical disability in MS patients of different phenotypes. In PPMS patients on
Ocrelizumab, the increase in T1 lesion volume between baseline and follow-up was
less than that in PPMS patients not administering the drug [51]. Moreover, those on
treatment had 5.1% of pre-existing T2 lesion volume identified as SELs, while those
not on treatment had 7.1% [51]. Despite SELs accounting only for a small portion of
T2 lesions, they accounted for a high proportion of T1 lesions developing in both
groups of patients [51]. This indicates that the increase in T1 lesion burden in PPMS
patients is due to chronic active disease activity and axonal tissue damage and it is
predictive of clinical disease progression [51]. There was also a greater reduction in
normalized T1 signal intensity in SELs regions in comparison with non-SEL regions in
both groups [51]. Interestingly, neither whole brain volume loss nor new WM lesion
formation predicted clinical disability progression in PPMS patients [51]. This sug-
gests that chronic active lesions accumulation has a more predictive role in disability
progression in PPMS patients than brain atrophy [51].

SPMS patients had greater, yet not significant, numbers of SELs in comparison
with RRMS patients and had twofold greater T2 volume of SELs [52]. MTR values of
SELs at baseline were lower than non-SELs in RRMS and SPMS patients and showed
more decrease in their MTR values in comparison with non-SELs by the end of
72 weeks of study follow-up [52]. This suggests the severe tissue damage in SELs in
comparison with non-SELs at baseline and their poor prognostic value earlier in the
disease course, which would be of a significant value to guide treatment decisions
early on in disease course.

MS lesions show a dynamic change in their microstructure mainly in the degree
of active inflammation, demyelination, remyelination, or axonal loss. MS lesions
detected on T2 sequences can evolve over time either increase in size or shrink.
Various factors have been examined over the years to elucidate what contributes to the
change in lesions size. This is significant as expanding lesions are thought to have an
active edge contributing to their increase in size. Studying this further is relevant and
significant as current DMTs in MS are mainly directed at targeting the active element
of the disease, not disease progression. And as slowly expanding lesions are more
prevalent in progressive MS and are thought to contribute to the progressive course of
the disease, understanding its pathology further is crucial to evolve treatments for the
progressive stage of the disease.
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Taking available literature into consideration, we may need to look at DMTs from
a different angle. All available treatments aim at new lesions development which is
important for preventing relapses, however, gradual progression prevention seems far
from achievable. In order to pave the way for progression prevention, further under-
standing of SELs as well as inactive lesions pathology is crucial as they are unlikely to
remyelinate, and they correlate with worsening disability.

12. Brain volume

The average rate of yearly brain atrophy in a healthy individual is 0.1-0.4%,
while it was estimated at 0.5-1.3% in MS patients [53]. There is a technical challenge
in assessing brain volume in individual patients longitudinally, this is in addition to
the presence of confounding factors such as the resolution of acute inflammation
giving a false impression of volumetric brain atrophy, hence usually conclusions are
more reliable when drawn on groups of patients rather than individuals. With higher
magnetic field strength, it is less challenging examining volumetric brain measures in
MS patients.

The correlation between cortical lesion load and cortical volume/thickness is
controversial with some studies using DIR illustrating reduction in cortical thickness
in patients who had cortical lesions in comparison with those with no visible cortical
lesions [54], however, other studies using 7 T did not detect such a correlation either
in individual cortical regions or in the cortex as a whole [6, 12].

Several studies showed the correlation of not only WM but also cortical gray
matter atrophy with a physical disability at the early stages of the disease [55]. There
is a consistent association found between the progressive stage of the disease and
the reduction in cortical thickness, as well as a similar association observed between
worsening disability and reduction in cortical thickness using 3 Tesla [13].

Gray matter fraction using DIR at 1.5 T showed lower gray matter volume at
baseline in patients with progressive MS in comparison with those with relapsing—
remitting MS, and the degree of volume loss over 5 years was higher in progressive
patients in comparison with RRMS and benign MS patients. Furthermore, patients
with higher cortical lesion load at baseline showed lower gray matter fraction in
comparison with those with smaller cortical lesion load, and those who cumulated
more cortical lesions had associated higher progression of their gray matter atrophy
over the same number of years [14].

13. Spinal cord imaging

In pathology and radiology, the emphasis has mostly been on the cerebral involve-
ment in MS with limited analysis of spinal cord involvement. The cervical spine has a
predilection for involvement in MS. Spinal cord atrophy is more prevalent in progres-
sive than relapsing MS patients and is considered as a reliable marker of progression
in MS patients. Cord atrophy is more prominent in cervical than thoracic cord and
shows a higher correlation to clinical disability parameters which supports the view
that disease progression starts early in the disease course in RRMS patients and is not
limited to the secondary progressive stage of the disease [56]. There was no correlation
between the spinal cord lesion load and cord atrophy in all disease phenotypes which
suggests that both factors contribute independently to the degree of disability [57].
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PPMS patients usually have rapidly cumulating disability in comparison with
RRMS patients and were not explained with lesion load which is usually higher in
RRMS patients. Post-mortem studies showed an extensive axonal loss in spinal cord
MS patients which reflects irreversible damage. Radiologically, cervical cord atrophy
is a prominent consistent finding in patients with PPMS in comparison with RRMS
patients and was even suggested as a tool to differentiate both phenotypes [58].

Due to technical challenges of cord imaging, image resolution, population vari-
ability, registration, and segmentation errors at the edge of the cord resulting in
partial volume effect, it has been difficult to implement atrophy measures in clinical
trials or indeed in clinical practice. Spinal cord atrophy assessments are mainly done
via T1-weighted and T2*-weighted gradient-echo sequences, while methods for
segmentation and atrophy calculation can be categorized into image based, intensity
based, and surface based. Generalized boundary shift integral (GBSI) is a promising
registration-based technique, which is based on BSI (boundary shift integral) but
overcomes partial volume effects via measuring the percentage change in cord volume
values directly from small intensity changes between images at the cord boundaries
accounting for partial volume effects in these regions. As it quantifies spinal cord
atrophy using direct estimates via registration-based measurement of cord atrophy,
it improves sensitivity to variation in longitudinal volume changes. However, GBSI is
very dependent on voxel size as it requires isotropic small voxels, and it also requires
consistency between different time points to allow precision [59].

Various studies found the influence of spinal cord lesions on the degree of clinical
disability extends beyond lesion load to topographical distribution. Furthermore,
spinal cord lesions involving the central areas and the lateral funiculi of cervical
spine were associated with a higher degree of disability indicated by EDSS [60]. Via
implementing automated methods of assessing lesion distribution in different MS
phenotypes and its correlation to disability suggested that RRMS patients show high
lesion probability in the posterior column, while PPMS patients in the lateral and
central cord and SPMS patients more in the posterior and lateral cord [60].

Limited spinal cord data are partially related to the challenging nature of spinal
cord imaging with regards to the small mobile field of view contributing to increased
likelihood of artefacts. The evolution of ultra-high-field imaging with the increase in
signal-to-noise ratio and improved spatial resolution facilitated further examination
of cervical cord pathology and potentially closer analysis of its potential pathogenesis.
With histopathological studies suggesting outside-in pathological gradient mecha-
nism of demyelination, describing the penetrating lymphocytes inducing inflamma-
tion via activating microglia and macrophages inducing focal demyelination [61]. In
support of this theory, the use of 7 Tesla MRI imaging helped the accurate delineation
of lesions in such a narrow eloquent space. It showed that spinal cord lesions are more
frequent around the central canal as well as the CSF subpial interface, with higher
frequency around the outer subpial portion of the cord early in the disease course
in RRMS patients and move towards the centre around the central canal in SPMS
patients [62]. This reflects the difference in dynamics of MS lesions and CSF inflam-
matory mediators in different disease phenotypes, which potentially plays an impor-
tant role in determining future targeting treatments.

Attempting to reduce the gap between macroscopic and microscopic tissue
and lesional structure, diffusion imaging where MRI signal is sensitive to random
motion of water can be a helpful tool. Diffusion tensor imaging (DTI) is the most
conventional diffusion imaging technique, and it represents the movement of water
in a single three-dimensional tensor, however, it does not take into account the
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heterogeneity in tissue characteristics which in turn influences the reliability of the
derived indices. This in turn paved the way for newer multicompartmental diffusion
techniques which consider the heterogeneity of tissue compartments. Neurite orienta-
tion dispersion and density imaging (NODDI) is a novel diffusion imaging technique
that models the CSF space as isotropic volume fraction Vi, while the dendrites and
axons are represented as apparent intra-axonal volume fraction V;,, and the orienta-
tion dispersion ODI, which is a measure of how nonparallel axons disperse about a
central orientation providing a cylindrically symmetric Watson distribution [63].
NODDI offered higher sensitivity over other diffusion imaging methods in particular
DTI, and especially Vi, and ODI provide more contrast than other indices which
offers helpful insight into MS pathology in the spinal cord as well as microstructural
damage in normal-appearing white matter tissue, which does not show any particular
abnormality in anatomical scans. It can also provide a valuable monitoring technique
to observe tissue evolution even before lesions appearance [63]. However, registration
of those sequences to anatomical sequences can pose difficulty.

Magnetic resonance spectroscopy ("H-MRS) of the brain offered insight into
the microstructural lesional and extralesional component beyond the macroscopic
tissue damage via quantifying different metabolites. However, such application in
the spinal cord has been technically challenging until recent years. "H-MRS is shown
to be a good marker of early neuronal loss indicated by lower concentrations of total
N-acetyl-aspartate (tNAA), which reflects neuroaxonal integrity, and glutamate-
glutamine (Glx), which is a marker of neuronal integrity, in the upper cervical cord
of patients with early PPMS even before the development of atrophy. Furthermore,
tNAA concentration was lowest in lesional tissue and still affected, but to far less
degree, in the normal-appearing tissue when compared with controls. Similarly, Glx
concentration was also reduced in spinal cord lesions, likely reflecting axonal degen-
eration; but levels did not correlate to tNAA which suggests they reflect different
pathological processes. On the other hand, both markers showed a good correlation
with disability progression in PPMS patients [64].

Magnetization transfer ratio (MTR) is a semi-quantitative technique that provides
an indirect estimate of the degree of demyelination and axonal loss, by measuring
the magnetization exchange between freely mobile water protons and immobile
macromolecular protons. MTR values were found to be significantly lower in cervical
spinal cord of early MS patients in comparison with controls even in the absence of
spinal cord atrophy; and the same was found in normal-appearing cord tissue which
reflects the microstructural demyelination and axonal loss in normal-appearing tissue
which should be taken into account in trials developing targeted disease-modifying
treatment [65].

A novel approach that showed higher sensitivity to tissue myelin content than
conventional MTI is inhomogeneous magnetization transfer imaging. It was proven
to be more sensitive to microstructural spinal cord damage in comparison with DTI
especially in normal-appearing cord tissue [66]. However, this technique was not
compared directly to other myelin-specific imaging techniques such as quantitative
MT imaging or myelin water fraction.

Despite the significant contribution of spinal cord imaging to the diagnosis and
prognosis of MS, it still faces major technical challenges with a higher likelihood of
artifacts due to the cord being a narrow mobile structure, low signal-to-noise ratio,
pulse and respiratory-related artifacts, and the lack of normative data. Gray matter
disease in the spinal cord as a separate significant entity and its contribution to the
disease course has been under-covered due to challenges in imaging acquisition.
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With continuous advances in imaging techniques and with the increasing incor-
poration of higher magnetic field imaging into clinical practice, examining spinal
cord gray matter will be feasible. This is in addition to further advances in diffusion
and magnetization transfer imaging to help bridge the gap between imaging and
pathology and provide a promising biomarker for clinical trials.

14. Conclusion

Understanding disability accumulation is the corner stone of effective manage-
ment in MS patients. The greatest proportion of disability accumulation is not
accounted for by new lesions or relapses hence the term PIRA. The availability of
ultra-high-field imaging allowed further exploration of factors associated with
PIRA to facilitate the development of targeted disease-modifying treatments in MS.
Cortical lesion load contributes to the degree of disability and they need to be taken
into consideration during treatment decision-making. Similarly, white matter iron
rim lesions frequency is a significant prognostic factor in MS patients, with studies
showing that patients who had more than four lesions were more likely to experi-
ence future worsening disability. However, this worsening degree of disability was
rendered to the higher degree of tissue loss in some iron rim lesions and their evolu-
tion into slowly expanding lesions. Further elucidation of the extent of association
between those factors and future disability is crucial for the potential evolution of
biomarkers to facilitate the development of targeted disease-modifying treatments in
MS clinical trials.
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