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II Summary
Introduction

Schizophrenia spectrum and bipolar disorders are severe mental disorders that can
significantly affect an individual’s experience of the world and quality of life. The
pathophysiology and aetiology of these disorders are largely unknown, but
dysmyelination has been proposed as a neurobiological mechanism. It has been
suggested that abnormal myelination disrupts basic sensory processing, leading to
auditory hallucinations and delusions of control. Magnetic resonance imaging (MRI)
is a uniquely flexible tool for assessing myelin-related tissue properties. In this
doctoral project, we employed two MRI-based neuroimaging techniques sensitive to
myelin in the cerebral cortex and white matter. The ratio of T1- and T2-weighted MRI
images (T1w/T2w-ratio) and diffusion tensor imaging (DTI) metrics.

Aims and objectives

The aims of this doctoral project were first to critically assess the T1w/T2w-ratio as a
measure of intracortical myelin and second to investigate putative alterations of
myelin in patients with schizophrenia spectrum and bipolar disorders. To achieve
these aims, we compared T1w/T2w-ratio maps and DTI metrics in patients with
those of healthy controls and explored associations with age, antipsychotic
medication, and psychotic symptoms. The first study aimed to assess the
measurement properties of the T1w/T2w-ratio and gauge the effects of corrections
for partial volume effects, surface outliers, and intensity nonuniformities, as well as
intensity normalisation. In the second study, we used an optimised T1w/T2w-ratio
pipeline from the first study to compare intracortical myelin in patients with
schizophrenia spectrum and bipolar disorders with that of healthy controls. Finally, in
the third study, we aimed to explore the relationship between DTI metrics and
auditory hallucination status in patients with schizophrenia spectrum disorders.

Materials and methods

In the first study, we designed and implemented an in-house test-retest study and
included two additional openly available datasets. We created optimised pipelines for
computing the T1w/T2w-ratio and compared their test-retest reliability and
agreement with expected myeloarchitecture. In the second study, we included
patients with schizophrenia spectrum (n=64) and bipolar disorders (n=91) and
compared their cortical T1w/T2w-ratio maps, computed with an optimised pipeline
from the first study, with those of healthy controls (n=155). In the third study, we
performed diffusion tractography in patients with schizophrenia spectrum disorders
(n=140) and healthy controls (n=140) and compared DTI metrics between patients,
with and without current and lifetime auditory hallucinations, and healthy controls.



Results

We observed low test-retest reliability of the raw T1w/T2w-ratio and, for some
datasets, poor agreement with known myeloarchitecture. These issues could be
improved with some, but not all, intensity normalisation and intensity nonuniformity
correction methods. In the second study, T1w/T2w-ratio maps did not differ
significantly between patients with schizophrenia spectrum disorders or bipolar
disorders relative to healthy controls. However, significant interactions with age
indicated more positive age-related T1w/T2w-ratio trajectories in patients with
schizophrenia spectrum disorders. This effect was associated with both antipsychotic
medication use and dose. In the third study, we found higher mean diffusivity (MD)
and radial diffusivity (RD) across widespread fibre tracts in patients with
schizophrenia spectrum disorders without current auditory hallucinations compared
to healthy controls. In contrast, patients with current auditory hallucinations only
showed limited alterations of DTI metrics relative to healthy controls. Dimensionality
reduction enhanced sensitivity to group-level differences in axial diffusivity (AD).

Conclusions
Intensity normalisation and intensity nonuniformity correction improved test-retest
reliability and agreement with expected myeloarchitecture of the T1w/T2w-ratio,
particularly in the presence of scanner-related intensity nonuniformities. The
divergent T1w/T2w-ratio age trajectories may be consistent with a hypothesised
promyelinating effect of antipsychotic medication. The limited relationship with
current auditory hallucinations calls into question the notion that altered DTI metrics
reflect specific abnormalities underlying auditory hallucinations. Conversely, higher
MD and RD in patients without auditory hallucinations suggest myelin-related
alterations in this group. The results of this doctoral project are consistent with an
involvement of myelin in patients with schizophrenia spectrum disorders and
emphasise the importance of assessing the validity of myelin imaging techniques.



III Summary in Norwegian
Bakgrunn

Schizofrenispektrumlidingar og bipolare lidingar er alvorlege mentale lidingar som
kan påverke korleis ein oppfattar verkelegheita og føre til redusert livskvalitet.
Patofysiologien og etiologien til desse lidingane er uviss men dysmyelinering er
utpeikt som ein mogleg nevrobiologisk mekanisme. Det har blitt foreslått at
avvikande myelinisering kan forstyrre grunnleggande sanseprosessering og føre til
hørselshallusinasjonar. Magnetresonanstomografi (MR) er ein særs fleksibelt reiskap
for å vurdere eigenskapar ved vevet som er relaterte til myelin. I dette
doktorgradsprosjektet fokuserte vi på to MR-baserte teknikkar som er sensitive til
myelin-relaterte forandringar i hjernebarken og kvit substans. Ratioen av T1- og
T2-vekta MR bilete (T1w/T2w-ratioen) og diffusjon tensor avbilding (DTI).

Mål

Måla med dette doktorgradsprosjektet var først å gjere ei kritisk vurdering av
T1w/T2w-ratioen som eit mål på myelin i hjernebarken, og so deretter undersøke
moglege endringar i myelin hjå pasientar med schizofrenispektrumlidingar og
bipolare lidingar. For å nå desse måla samanlikna vi T1w/T2w-ratioen og DTI-mål hjå
pasientar og friske kontrolldeltakarar og vi utforska samanhengane mellom desse
måla og alder, bruk av antipsykotiske medisinar og psykotiske symptom. I den første
studien var målet å evaluere måleeigenskapane til T1w/T2w-ratioen og vurdere
effekten av ulike korreksjonsmetoder og intensitetsnormalisering. I den andre studien
brukte vi ei optimalisert utrekning av T1w/T2w-ratioen for å jamføre myelin i
hjernebarken hjå pasientar med schizofrenispektrumlidingar og bipolare lidingar med
friske kontrollar. I den tredje studien var målet å utforske samanhengar mellom
DTI-mål og hørselshallusinasjonar hjå pasientar med schizofrenispektrumlidingar.

Metoder

Først gjennomførte vi ein test-retest studie og undersøkte i tillegg to fritt tilgjengelege
datasett. Vi laga optimaliserte prosesseringsstraumar for å rekne ut T1w/T2w-ratioen
og vi vurderte test-retest reliabiliteten og samsvaret med kjend myeloarkitektur. I den
neste studien inkluderte vi pasientar med schizofrenispektrumlidingar (n=64) og
bipolare lidingar (n=91) og samanlikna T1w/T2w-ratio kart i hjernebarken mellom
desse gruppene og friske kontrolldeltakarar (n=155). I den tredje og siste studien
utførte vi diffusjonstraktografi hjå pasientar med schizofrenispektrumlidingar (n=140)
og friske kontrolldeltakarar (n=140), og samanlikna DTI-mål mellom pasientar, med
og utan hørselshallusinasjonar, med friske kontrollar.



Resultat

Vi fann låg test-retest reliabilitet for den ikkje-optimaliserte T1w/T2w-ratioen, og for
nokre datasett var samsvaret med kjend myeloarkitektur dårleg. Det var mogleg å
forbetre dette med nokre av metodene vi testa for å korrigere intensitet og
ujamnheiter, medan andre metodar ikkje gav gode resultat. I den andre studien fann
vi ingen forskjell mellom pasientar og kontrollar i verdiane til T1w/T2w-ratioen. Vi såg
derimot statistisk signifikante interaksjonar med alder. Desse tyda på meir positive
samanhenger mellom alder og T1w/T2w-ratioen hjå pasientar med
schizofrenispektrumlidingar samanlikna med dei friske kontrolldeltakarane. Denne
effekten hadde samanheng med både bruk og dose av antipsykotiske medisinar. I
den tredje studien fann vi høgare gjennomsnittsdiffusivitet (MD) og radial diffusivitet
(RD) på tvers av mange fibertrakter hjå pasientar med schizofrenispektrumlidingar
utan aktuelle hørselshallusinasjonar samanlikna med friske kontrolldeltakarar. Vi såg
derimot berre avgrensa forskjellar i DTI-mål mellom pasientane med aktuelle
hørselshallusinar og friske kontrolldeltakarar. Når vi undersøkte variasjon på tvers av
fibertrakter auka sensitiviteten til gruppeforskjellar i aksial diffusivitet (AD).

Konklusjonar

Normalisering av signalintensitet og korreksjon for intensitetsujamnheiter gav høgare
test-retest reliabilitet og betre samsvar med kjend myeloarkitektur. Vi såg særskild
forbetring der det frå før var store intensitetsujamnheiter relaterte til MR-skannaren.
Samanhengen mellom T1w/T2w-ratioen og alder var annleis hjå pasientar med
schizofrenispektrumlidingar og resultata tyda på ein samanheng med bruk av
antipsykotiske medisinar, med ein dose-response samanheng. Dette kan vere
konsistent med hypotesa om at antipsykotiske medisinar har ein promyelinerande
effekt. Den avgrensa samanhengen med aktuelle hørselshallusinasjonar gjev grunn
til å sette spørsmålsteikn ved tanken om at endringar i DTI-mål reflekterer spesifikke
avvik som ligg bak desse opplevelsane. Høgare MD og RD hjå pasientane som ikkje
hadde aktuelle hørselshallusinasjonar tyder på endringar relatert til myelin i denne
gruppa. Resultata av dette doktorgradsprosjektet er i tråd med hypotesa om at
myelin er involvert i patofysiologien til schizofrenispektrumlidingar og syner kor viktig
det er å vurdere validiteten til metoder for å avbilde myelin.
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1. Introduction
Schizophrenia spectrum and bipolar disorders are severe mental disorders that
affect critical cognitive functions such as language, thought, and perception. They
can have a significant detrimental impact on quality of life and psychosocial
functioning. While their pathophysiology and aetiology remain elusive,
dysmyelination has been proposed as an underlying biological mechanism, with
supporting evidence from genetic, neuroimaging, and post-mortem studies.

Magnetic resonance imaging (MRI) is a uniquely flexible tool that is widely used to
study brain structure and function in severe mental disorders. Despite its functional
importance, direct in vivo imaging of myelin is challenging. Several MRI-based proxy
measures of cerebral myelination have been proposed, but more knowledge about
their measurement properties is needed. In this doctoral project, we investigated
methodological issues related to in vivo imaging of intracortical myelin as well as
clinical research questions related to myelin in grey and white matter.

In the introduction, we give an overview of the clinical characteristics of
schizophrenia spectrum and bipolar disorders with a particular focus on auditory
hallucinations and antipsychotic medication. We present the general principles of
MRI, describe the MRI pulse sequences employed in this project, and discuss some
challenges related to assessing myelin with MRI. Finally, we present some of the
previous research on myelin-related alterations in psychotic disorders.

1.1 Schizophrenia spectrum and bipolar disorders

Schizophrenia spectrum and bipolar disorders are leading causes of disability
worldwide.1 Psychotic symptoms are commonly classified as 'positive', i.e., the
presence of unusual experiences or behaviour, or 'negative', i.e., a lack of typical
experiences or behaviour. Positive symptoms include delusions, disorganised
speech, and hallucinations, i.e., sensory percepts in the absence of corresponding
sensory stimuli. Negative symptoms include avolition, apathy, alogia (poverty of
speech), social withdrawal, and reduced emotional affect. There is substantial
heterogeneity in the clinical presentation, and the symptomatology of the disorders
includes cognitive, motor, and mood symptoms in addition to positive and negative
symptoms.2 Psychotic episodes are associated with cognitive deficits, sleep
disturbances, anxiety, and depression. Furthermore, many patients experience
co-occurring psychiatric and somatic health issues (i.e., comorbidity) in addition to
the core symptoms of their diagnoses.

1 1



Individuals diagnosed with schizophrenia spectrum or bipolar disorders often have
impaired occupational and psychosocial function. The disorders are associated with
elevated mortality3,4 and can come at a great cost to affected individuals, caregivers,
and society at large. An organic neurological basis of psychosis has long been
suspected, and the notion that it is caused by abnormal brain connectivity can be
traced back to the 19th century.5 Notably in the form of the Sejunktionshypothese of
Carl Wernicke (1848-1905), which proposed that disrupted connectivity within
association fibres leads to symptoms such as hallucinations.5–7 Despite considerable
efforts, the underlying pathophysiological mechanisms of schizophrenia spectrum
and bipolar disorders remain largely unknown.

Schizophrenia spectrum and bipolar disorders have been proposed to exist along a
psychosis spectrum,8–10 in part due to substantial genetic overlap and psychotic
symptoms being common in bipolar disorders.11–13 The lifetime prevalence of
psychotic symptoms has been estimated to exceed 60% in bipolar I disorder14,15 but
varies between studies.16 We will occasionally use the term "psychotic disorders" to
refer to schizophrenia spectrum disorders and bipolar disorders with psychotic
features but note that psychotic symptoms are not confined to these groups and that
not all individuals diagnosed with a bipolar disorder experience psychotic symptoms.

1.1.1 Schizophrenia spectrum disorders

Schizophrenia spectrum disorders have a lifetime prevalence of over 1%17 and are
considered to be some of the most severe psychiatric disorders. Important diagnostic
criteria include delusions, hallucinations, disorganised speech (e.g., frequent
derailment or incoherence), grossly disorganised or catatonic behaviour, and
negative symptoms. Schizophrenia spectrum disorders are often chronic illnesses
with incomplete remissions and frequent relapses, and symptom remission does not
necessarily imply functional recovery.18,19 Schizophrenia spectrum disorders are
associated with lower rates of employment20 and impaired quality of life.21

Positive symptoms tend to be the most conspicuous and often have their onset in
adolescence or in early adulthood. The acute phase of the illness, characterised by
positive symptoms, is often preceded by a so-called prodromal phase, in which
social withdrawal, thought disturbance and negative symptoms may be present.
Comorbidities such as substance abuse, anxiety disorders, and cardiovascular
disease are common. There is an ongoing debate whether schizophrenia spectrum
disorders represent one or several distinct illnesses.22 This has led researchers to
recommend a dimensional approach as a way to disentangle the clinical
heterogeneity of schizophrenia spectrum disorders,23 and has intensified the search
for biological markers to identify relevant subgroups.
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1.1.2 Bipolar disorders

Bipolar disorders, including bipolar I and bipolar II disorders, have an estimated
lifetime prevalence of around 2.4%, with a high variability in estimates.24 Bipolar
disorders are characterised by mood swings in the form of periods of major
depression punctuated by, often briefer, periods of mania or hypomania. These are
characterised by increased energy or activity, which may be recognised as elevated,
expansive or markedly irritable mood. Manic episodes are associated with inflated
self-esteem or grandiosity, decreased need for sleep, flight of ideas or racing
thoughts, distractibility, increase in goal-directed behaviour, and hedonistic behaviour
with the potential for adverse consequences. The diagnostic criteria for bipolar II
disorder are similar to those of bipolar I disorder but do not include a history of
mania. Instead, hypomanic episodes are required, with an observable and marked
change from the usual non-depressed mood. Manic episodes are required to have a
duration of at least seven days or require hospitalisation, whereas hypomanic
episodes are only required to have a duration of at least four days. Psychotic
symptoms are common in bipolar I disorder, especially during manic episodes, but
they can also occur during depressive episodes.25 They are, by definition, absent in
hypomanic episodes and occur mainly during depressive episodes in bipolar II
disorder. Treatment of bipolar disorders includes mood stabilisers, e.g., lithium and
antiepileptic medication, and antipsychotic medication.

1.1.3 Auditory hallucinations

Auditory hallucinations, defined as auditory percepts without an external source, are
considered to be core symptoms of schizophrenia spectrum disorders, where they
have a lifetime prevalence of 60-80%.26 They are also frequently reported in bipolar
disorders, especially during manic episodes.27 While hallucinations in other sensory
modalities, e.g., visual, somatic/tactile, and olfactory hallucinations, are common in
schizophrenia spectrum disorders,28 auditory hallucinations are the most frequent. A
majority of those who report hallucinations in other modalities also report auditory
hallucinations.28 Auditory hallucinations most often present as voices, but nonverbal
hallucinations, such as music, animal sounds, clicks, and ringing, are also
common.29,30 A notable feature of auditory verbal hallucinations in psychotic
disorders is the negative valence of the voices. A large phenomenological survey of
patients with psychotic disorders found that the predominant voice is more often
described as angry, authoritative, malicious or bossy than as loving, gentle, kind or
friendly.30 Auditory hallucinations are not specific to psychotic disorders and can also
occur in other somatic and psychiatric disorders and in non-clinical populations.31,32

However, phenomenological differences have been reported between hallucinations
in psychotic disorders and those experienced in other conditions. For instance,
negative voice content is more common in clinical compared to non-clinical
hallucinators33 and is linked to greater experienced distress and lower functioning.34
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The pathophysiology of auditory hallucinations remains largely unknown, but
disrupted source monitoring has been advanced as a possible explanation.35,36 In this
model, internal events, e.g., thoughts or inner speech, are misidentified as externally
generated, leading to hallucinations.37,38 It has been framed in the context of forward
modelling, the mechanism by which the sensory consequences of self-initiated
actions are predicted and attenuated.39–44 Within this framework, prediction is
accomplished through efference copies, i.e., copies of the motor signals that elicit
corollary discharges that, in turn, suppress activation of sensory regions. This
mechanism has been studied in both humans and non-human animals.45 In
particular, excitatory neurons in the auditory cortex have been shown to be inhibited
by local parvalbumin-positive interneurons in mice.46,47

Disruption of the efference copy/corollary discharge mechanism has been proposed
to underlie auditory hallucinations and delusions of control in psychotic disorders.39

Importantly, this mechanism can be disrupted at multiple levels. First, neural
assemblies initiating actions may fail to issue the appropriate efference copies.
Second, corollary discharges may fail to suppress activation within the sensory
regions, e.g., due to dysfunction of parvalbumin-positive interneurons.48 Third, the
corollary discharge may not be correctly transmitted by the issuing regions, e.g., due
to disrupted neural synchrony caused by conduction delays. In section 1.1.6, we
discuss abnormal myelination in psychotic disorders and how it may relate to this
model of auditory hallucinations. See Figure 1 for an illustration of the efference
copy/corollary charge mechanism in the context of self-generated speech.

Figure 1. Simplified schematic of forward modelling in the context of speech. The action plan issues
from the frontal cortex (green circle near Broca's area), creating a motor command (green arrow) and
an efference copy (red arrow). The efference copy generates a corollary discharge in the auditory
cortex (blue circle) used to predict sensory input from the self-generated sound (blue arrows). As a
result, neural activation is attenuated, and the sensory input is tagged as self-generated.
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1.1.4 Antipsychotic medication

The most effective medical intervention for psychotic disorders currently available is
treatment with antipsychotic medications.49 Although there are substantial
differences between the receptor binding profiles of different types of antipsychotic
medications, they share the pharmacological mechanism of D2 dopamine receptor
antagonism.50 Discovery of this mechanism led to the formulation of the dopamine
hypothesis of psychosis in the 1960s, and it remains one of the most influential and
longest-standing models of psychosis. In its original formulation, it states that
positive symptoms arise as a consequence of hyperactive dopamine transmission in
the mesolimbic pathway, but it was later revised to also accommodate for hypoactive
dopamine transmission in the prefrontal cortex. As new neuroscientific evidence is
uncovered, the dopamine hypothesis has been frequently updated and refined.51

While the evidence for the dopamine hypothesis is compelling, dopamine receptor
binding alone does not guarantee the absence of psychotic symptoms. Many
patients experience persisting symptoms, and relapses are common.52 These
considerations, along with studies showing widespread anomalies in brain structure
and function, have led to a renewed interest in complementary or alternative models
of psychosis. It has been suggested that dopamine dysfunction represents a "final
common pathway" and that different brain abnormalities may lead to similar
dopamine signalling abnormalities.53 Such complementary models of psychosis
include disrupted functional and structural connectivity,54 the involvement of other
neurotransmitters such as glutamate,55 neurodevelopmental disturbances,56 and, as
we will discuss in the next two sections, abnormal myelination.

1.1.5 The role of myelin in the brain

Myelin is present in both grey and white matter and is critical for the function of the
central and peripheral nervous systems. It consists of a lipid-rich substance that
forms an insulating sheath around the axons of neurons, where it adjusts the speed
of neural conductance. The transmission of action potentials is 10-100 times faster
for myelinated axons than for unmyelinated axons due to the mechanism of saltatory
conduction. Importantly, myelination is not just a question of axons being myelinated
or unmyelinated but represents a dynamic process that continues into adulthood.
Continuous changes in myelination fine-tune neural activity in short- and long-range
neural circuitry,57 which is essential for higher-order functions dependent on
neuroplasticity, such as learning and memory.58 Myelin in the central nervous system
is formed and maintained by oligodendrocytes, non-neuronal support cells, in a
process that can be modulated by other glial cells, particularly astrocytes.59 In
addition to increasing and regulating conduction velocities, myelin and myelinating
oligodendrocytes facilitate axonal transport and influence axonal energy metabolism
and therefore serve an important metabolic role in the brain.60
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Myelin is abundant in white matter, where it envelops the axons of intrahemispheric
cortico-cortical fibre tracts, interhemispheric fibre tracts, and fibre tracts projecting to
areas such as deep nuclei, the brainstem, cerebellum, or the spine. These fibre
tracts are commonly known as association, commissural, and projection tracts,
respectively. In grey matter, myelin is less dense and is mainly located on the axons
of short-range inhibitory interneurons, where it plays a crucial role in regulating the
excitation/inhibition balance.61 Myelination of both grey and white matter continues
through adolescence and into early adulthood with regional differences in the rates
of myelin maturation and distinct waves of growth.62,63

Studies have linked myelin to cognitive functions such as error processing,
processing speed,64 and cognitive control65 in healthy adults. Additionally,
myelination within the first year of life has been associated with language
development.66 The distribution of myelin in the cerebral cortex, known as
myeloarchitecture, is not uniform and varies across cortical laminae and regions.
This provides an alternative perspective on brain structure compared to
cytoarchitecture, which is based on the characterisation of cell types and densities.
The most comprehensive myeloarchitectonic studies were conducted between 1910
and 1970 by Cécile Vogt-Mugnier and Oskar Vogt and their collaborators.67 See
Figure 2 for a comparison of maps depicting cyto- and myeloarchitecture.

Figure 2. Left: Cytoarchitectonic map by Korbinian Brodmann and adapted from Nieuwenhuys and
Broere.67 Middle: Cortical layers in the cerebral cortex with 1. cell distributions, and 2.
myeloarchitecture. Illustration by Henry Gray.68 Right: Myeloarchitectonic map based on
myelin-staining studies from the Vogt-Vogt school, aggregated and aligned to a standard brain by
Nieuwenhuys and Broere.69 Darker areas indicate more dense myelination. Note that the occipital
lobe is highly myelinated but appears white due to a lack of studies on this region.

6 6



1.1.6 The dysmyelination hypothesis

Abnormal myelination has been implicated in psychotic disorders.70 Some genetic
studies, but not all,71 have found downregulation of genes related to
oligodendrocytes and myelination,72–74 and genetic analyses have implicated a
glia-oligodendrocyte pathway in schizophrenia spectrum disorders.75 Histological
studies in both schizophrenia spectrum and bipolar disorders have shown reduced
numerical density, abnormal morphology of oligodendrocytes,76–78 and lower myelin
staining intensity.79,80 Finally, neuroimaging studies report alterations consistent with
abnormal myelination of both grey and white matter in psychotic disorders. These
findings are further discussed in section 1.3. More indirectly, myelination continues
into adolescence and early adulthood, coinciding with an elevated risk of developing
a psychotic disorder.62,81 Taken together, the evidence suggests that myelination is
affected in psychotic disorders. Importantly, the evidence comes from several levels
of observation, i.e., genetic associations, ultrastructural abnormalities of myelinating
glial cells, and in vivo neuroimaging studies.

Whitford et al82 proposed that abnormal myelination of frontally projecting white
matter fibre tracts is a causal mechanism in schizophrenia spectrum disorders.
Specifically, they conjectured that dysmyelination results in conduction delays in the
efference copies generated by volitional actions, resulting in delayed corollary
discharges that fail to adequately suppress the sensory consequences of those
actions. An attractive feature of this hypothesis is that it can also account for the
dopaminergic hyperactivity associated with psychotic symptoms, which is considered
a consequence of dysmyelination-induced conduction delays. However, this may
only apply to a subset of patients, and other brain abnormalities may lead to the
same dopaminergic dysfunction in line with the "final common pathway" hypothesis.

Although much research on myelin-related alterations in psychotic disorders has
focused on white matter, the cerebral cortex is also myelinated and shows a similar
region-specific maturational trajectory as frontally projecting white matter fibre tracts.
Notably, Bartzokis and colleagues have performed several studies testing the
hypothesis that abnormal intracortical myelination is central to the pathophysiology of
schizophrenia spectrum disorders.83–87 These studies are discussed in section 1.3.4.

Studies have linked serum lipid levels to the clinical efficacy of antipsychotic
medication,88–90 providing indirect support for the dysmyelination hypothesis. It has
been proposed that the therapeutic action of antipsychotics may be related to
promyelinating effects.83,91 Interestingly, preclinical studies have reported lipogenic
effects of many psychotropic drugs92,93 as well as ameliorative effects of
antipsychotics on cuprizone-induced demyelination deficits.94–96 If confirmed, such a
link would deepen our understanding of the clinical response to antipsychotics and
could provide targets for the development of new medical interventions.91,97
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1.2 Magnetic resonance imaging

The use of MRI has revolutionised the study of a wide range of somatic and
psychiatric conditions. It relies on the nuclear magnetic resonance effect in which
nuclei subjected to a strong magnetic field are perturbed by a weaker oscillating
magnetic field, causing the emission of an electromagnetic signal. Compared to
other medical imaging techniques, e.g., computed tomography, MRI offers superior
contrast in soft tissues such as the brain. By adjusting the parameters of MRI pulse
sequences, a great variety of signal contrasts can be generated, enabling the
measurement of a wide variety of properties of brain structure, function, and
metabolism. Importantly, it is a safe, non-invasive procedure that does not employ
ionising radiation and can be applied to the study of a wide range of conditions with
minimal risk. In this section, we present the general principles of MRI and describe
the MRI pulse sequences that were used in this project.

1.2.1 General principles

Biological tissue typically consists of 60-80% water in which macromolecules are
suspended. A major constituent of water is the hydrogen isotope protium, which
consists of one proton, with a spin of ½, and one electron. Nuclear spins are
associated with a magnetic moment, which is small for individual protons but can be
summed across many protons to yield the macroscopic magnetisation of the sample.
This net magnetisation is proportional to the strength of the magnetic field
experienced by the protons, which necessitates the use of strong magnets to induce
a measurable macroscopic magnetisation. Since protons have a spin of ½, their
spins are limited to two spin eigenstates corresponding to low and high energy, spin
down (-½) and spin up (+½) respectively. The distribution of spins in each state can
be computed using Boltzmann statistics, which shows that only about 1 proton out of
every 50,000 protons contributes to the net magnetisation when subjected to a
magnetic field of 3 Tesla at room temperature. Nevertheless, since 1 mm3 of water
contains about 6.68 × 1018 protons, this effect becomes large at greater scales.

At equilibrium, the macroscopic magnetisation vector, M, points in the direction of the
main magnetic field, conventionally denoted as the z-axis. By applying a second
oscillating magnetic field, known as a radiofrequency (RF) pulse, the magnetisation
vector can be rotated away from the z-direction and towards the xy plane. As M
returns to equilibrium, it precesses around the direction of the magnetic field at an
angular frequency known as the Larmor frequency, which depends on the strength of
the magnetic field and the tissue being imaged. The oscillation of the RF pulse is
usually chosen to be at the Larmor frequency, i.e., at "resonance". This process is
known as RF excitation and is the main mechanism of MRI signal generation.
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After excitation with an RF pulse, the spin system experiences two concurrent
processes known as relaxation. The longitudinal magnetisation along the magnetic
field, Mz, gradually recovers. This process is called T1 relaxation, and its inverse is
the relaxation rate, 1/T1 = R1. Similarly, the transverse magnetisation orthogonal to
the main magnetic field, Mxy, decays due to loss of spin coherence. This gives rise to
T2 relaxation and its relaxation rate, 1/T2 = R2. One might expect the T1 and T2
relaxation times to be identical, but microstructural effects and macroscale field
inhomogeneities ensure that the T1 relaxation time is always greater than the T2
relaxation time in vivo. T1 and T2 relaxation times differ between different types of
biological tissue, which is used to generate contrast between different tissue types.

Spatial information must also be encoded to form an MRI image. This is done by
using magnetic gradients to introduce position-dependent variations in the Larmor
frequency, enabling selective excitation of the tissue in all spatial directions. MRI
pulse sequences are created by arranging RF excitation pulses and
position-dependent gradients. This allows for the acquisition of measurements that
are used to reconstruct the final MRI image. There is an abundance of different MRI
pulse sequences available, and by varying their parameters, such as repetition time
(TR) and echo time (TE), they can be used to create images with specific contrasts
between tissue types. In the first two studies, we used T1-weighted (T1w; short TR
and TE) and T2-weighted (T2w; long TR and TE) pulse sequences. T1w images
provide excellent neuroanatomical contrast between grey and white matter and
between brain and cerebrospinal fluid, whereas T2w images are frequently used to
identify pathological processes that cause elevated concentrations of free water,
which appear in the T2w images as hyperintensities.

In the third study, we used a diffusion-weighted pulse sequence. Such imaging
techniques, collectively known as diffusion-weighted imaging (DWI), employ
directional gradients to measure the MRI signal decay due to the diffusion of water
molecules in biological tissue. In a homogeneous medium, this diffusion is random,
represented by Brownian motion, and equal in all directions, i.e., isotropic. However,
in biological tissue, water is contained within cells and extracellular compartments
that restrict diffusion along specific directions, giving rise to anisotropic diffusion. In
white matter, the primary sources of anisotropic diffusion are axons and the myelin
enveloping them. Since the motion of protons induces phase shifts in the MRI signal,
this gives rise to a signal that can be measured with DWI pulse sequences. This
introduces diffusion sensitivity into the MRI signal, and the degree of diffusion
weighting is determined by the b-factor, where higher b-values correspond to more
diffusion weighting and greater sensitivity to slower diffusion processes. Importantly,
DWI carries information about microstructural properties of the tissue and can be
used to estimate the directionality of white matter fibre tracts and thus shed light on
the structural connectivity of the brain.
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1.2.2 The T1w/T2w-ratio

The T1w/T2w-ratio is formed by dividing T1w by T2w MRI images and has been
proposed as a proxy measure of intracortical myelin.98 This use of the T1w/T2w-ratio
is based on several observations regarding the T1w and T2w signal in the cerebral
cortex. First, the T1w signal can be used to identify and delineate regions according
to the distribution of intracortical myelin both across the cerebral cortex and between
cortical laminae.99–102 Second, the T2w signal is roughly anticorrelated with myelin,
so that the signal contributions from myelin are amplified by forming the ratio. Third,
shared field inhomogeneities in the T1w and T2w images are correlated and
therefore attenuated in the ratio.98 Although the T1w/T2w-ratio is an indirect measure
of intracortical myelin, it has the advantage of only requiring conventional MRI
sequences, and as such it can be studied in a wide variety of settings. The
correspondence between the T1w/T2w-ratio and myelin in white matter is, however,
less clear.103 For instance, a recent study found low correspondence between the
T1w/T2w-ratio in the corpus callosum and histological measures of myelination.104

The use of the T1w/T2w-ratio as a measure of intracortical myelin can be placed
within two broad categories. At the individual level, it can be used to delineate, or
parcellate,105 regions of the cerebral cortex according to their myeloarchitectonic
properties. Notably, Glasser et al,106 used the T1w/T2w-ratio together with functional
activations recorded in a naturalistic story paradigm to parcellate the cerebral cortex
into 180 regions. The second use of the T1w/T2w-ratio is for comparisons between
individuals or assessing associations with other variables of interest, e.g., adolescent
neurodevelopment,107 cognitive measures,108 or studying cortical demyelination in
multiple sclerosis.109 Importantly, parcellation relies on the within-subject spatial
similarity between T1w/T2w-ratio values and the myeloarchitecture of the cerebral
cortex, while group comparisons and associations with other variables of interest
depend on the across-subject comparability of T1w/T2w-ratio values.

1.2.3 Diffusion tensor imaging

As discussed in section 1.2.1, DWI can be used to derive information about
microscopic tissue properties and to map the fibre architecture of brain tissue.
Diffusion models are used to mathematically represent the DWI signal,110 and some
can estimate a large number of parameters related to tissue microstructure. Still,
these models typically require data acquired with DWI pulse sequences with long
acquisition times that place high demands on scanner hardware. Diffusion tensor
imaging (DTI) is a simpler model but it has the advantage of being easy to implement
and is therefore commonly used in clinical research settings. DTI is primarily used to
study white matter, as the cortical signal is weak due to low anisotropy. In particular,
DTI metrics are thought to have low sensitivity to intracortical myelin.111
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In DTI, the data is used to fit the diffusion tensor, represented by a 3-by-3 matrix for
each voxel of the image. The matrices are characterised in terms of their
eigenvalues and eigenvectors. Intuitively, the eigenvectors span an ellipsoid where
the corresponding eigenvalues quantify the degree of diffusion along the principal
axes. The four main DTI metrics are fractional anisotropy (FA), mean diffusivity (MD),
radial diffusivity (RD), and axial diffusivity (AD).

DTI metrics reflect a combination of neurobiological processes, such as white matter
fibre organisation and degree of myelination, and their sensitivities to different tissue
properties differ. Briefly, FA alterations are frequently ascribed to fibre organisation,
MD and RD to myelin-related alterations, and AD to axonal damage.112,113 However,
they are indirect measures of microstructure, and as such strong conclusions about
their microstructural correlates should be avoided.114 These and other challenges of
in vivo imaging of myelin using MRI are discussed in the next section. See Figure 3
for a depiction of the T1w/T2w-ratio and DTI metrics.

Figure 3. Left: The top images show how the T1w image is divided by the T2w image to form the
T1w/T2w-ratio. The yellow curve represents the grey-white boundary and the red curve represents the
boundary between cortex and cerebrospinal fluid. Yellow colours in the T1w/T2w-ratio represent
higher T1w/T2w-ratio values. The bottom image depicts a mean T1w/T2w-ratio map on a standard
cortical surface. Right: The top images show the different DTI metrics, FA, MD, RD, and AD. The
bottom image illustrates how the eigenvalues of the diffusion tensor differ between an isotropic voxel
with those of an anisotropic voxel. This figure is adapted from Moura et al.115
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1.2.4 Challenges of in vivo myelin imaging

There are important methodological challenges in linking MRI measures of the brain
to microstructure. In particular, myelin can impact the MRI signal in complex ways
depending on tissue composition and structure.116 Therefore, the use of appropriate
MRI pulse sequences and tissue models is necessary to estimate myelin-related
parameters. For example, DWI is more sensitive to myelin-related changes in white
matter and less sensitive to intracortical myelin. Conversely, the T1w/T2w-ratio is
thought to correspond closely to intracortical myelin but less so for white matter. It is
important to note that other constituents of brain tissue besides myelin, such as
paramagnetic iron content, also can influence the MRI signal. Furthermore, scanner
model and pulse sequence parameters affect both image quality and MRI measures.
Studying these effects is critical to ensure reproducible findings and facilitate their
neurobiological interpretations.

To overcome these challenges, researchers have developed quantitative MRI (qMRI)
techniques that combine multiple weighted MRI scans to estimate physical
parameters of the measurement.117 These techniques provide a more direct link to
microstructure, including myelin-related parameters. For instance, the MP2RAGE
pulse sequence, which estimates the T1 relaxation rate, R1, has been frequently
used to study intracortical myelin, and the myelin water fraction (MWF), based on
multi-echo T2 relaxation, is considered an in vivo measure of white matter
myelination with high validity.118 Similarly, the semi-quantitative magnetisation
transfer (MT) pulse sequence can be used to compute the MT ratio (MTR), which
corresponds closely with myelin.119 Despite the advantages of qMRI and related
techniques for inferring information about microstructural tissue properties, they often
require advanced and time-consuming MRI pulse sequences, which has prevented
widespread adoption. Therefore, this project focused on two imaging modalities
related to intracortical and white matter myelination that are more commonly
available in clinical studies.

The T1w/T2w-ratio is thought to reflect intracortical myelination, and high
correlations with R1 have been reported in grey matter,120 but the microstructural
correlates of the T1w/T2w-ratio in white matter are less clear.103,121 It is also unknown
to what extent the T1w/T2w-ratio reflects intracortical myelin as opposed to cellular
distributions that covary with myeloarchitecture. For instance, cellular bodies, such
as those of oligodendrocytes and other glial cells, have high iron content,122 which
may affect the MRI signal. Notably, one study found stronger correlations between
the T1w/T2w-ratio and expression of genes related to molecule size,
oligodendrocytes, axon calibre, and pH than with myelin-related genes, although a
relationship with genes related to myelination was also reported.123 Finally, few
studies to date have investigated the measurement properties of the T1w/T2w-ratio,
such as test-retest reliability and the effects of scanner-related differences.
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Similarly, there are unresolved questions regarding the relationship between DTI
metrics and microstructure. For example, Björnholm et al124 found that while R1, R2,
and MWF corresponded closely with histological measures of white matter fibre
diameter and density in the corpus callosum, FA and MD did not. Notably, the corpus
callosum exhibits highly parallel fibre tract organisation compared to other fibre
tracts. Effects due to more complex fibre tract organisation, e.g., fanning, bending,
and crossing fibres, are known to affect DTI metrics in ways that render their
interpretation in terms of microstructure more challenging.125

To address the intrinsic limitations of DTI, more sophisticated diffusion models have
been developed. Such models include diffusion kurtosis imaging (DKI)126 and neurite
orientation dispersion and density imaging (NODDI).127 These are based on
multishell DWI where multiple b-values are used to acquire data with additional
diffusion weightings. In addition, other imaging techniques exist that may be more
specific to myelin. For instance, T2 relaxation time mapping is used to compute the
MWF, which shows high correlations with histological myelin staining.118,128 However,
such sequences can be technically challenging to use and have long acquisition
times. Their adoption, particularly in clinical studies, has therefore been slow.

In conclusion, the validity of MRI measures of myelin in grey and white matter
remains to be determined, and more information is needed about their measurement
properties. While proxy measures of myelin are frequently used in the study of
schizophrenia spectrum and bipolar disorders, it is vital to be aware of
methodological limitations when relating findings to microstructural properties and
putative illness mechanisms.

1.3 Myelin imaging studies in schizophrenia spectrum and
bipolar disorders

In vivo neuroimaging in schizophrenia spectrum and bipolar disorders have revealed
a large number of findings that may reflect myelin-related alterations. Many studies
have focused on white matter myelination, whereas fewer studies have explicitly
focused on intracortical myelin. As discussed in section 1.1.6, histological studies in
schizophrenia spectrum and bipolar disorders have identified ultrastructural and
myelin-related abnormalities in patients. While such histological studies are
immensely valuable, post-mortem analysis of brain tissue is time-consuming and
necessarily limited to specific regions and small samples. It is also difficult in such
studies to avoid selection bias and to investigate whether observed differences are
causal or consequences of having lived with a severe mental disorder.
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In vivo neuroimaging with MRI has the advantage in that it can include a large
number of participants across the lifespan and can thus estimate longitudinal
trajectories and better capture the clinical heterogeneity that characterises
schizophrenia spectrum and bipolar disorders. In the next sections, we will present a
selection of previous findings of myelin-related alterations in schizophrenia spectrum
disorders, bipolar disorders, and associations between myelin-related measures and
auditory hallucinations. This overview will necessarily be incomplete, given the
multitude of studies on this topic.

1.3.1 Schizophrenia spectrum disorders

Numerous studies have reported alterations of DTI metrics in patients with
schizophrenia spectrum disorders. The Enhancing Neuroimaging Genetics through
Meta-Analysis (ENIGMA) consortium has pooled data across multiple sites
worldwide to identify robust illness effects. In one such study, Kelly et al129 compared
1963 patients with schizophrenia spectrum disorders and 2359 healthy controls and
found widespread tract-wise differences in FA, MD, and RD. They found the largest
effect sizes for FA within the entire white matter skeleton (d=0.42), the corona radiata
(d=0.40), and the corpus callosum (d=0.39). Interestingly, these differences were
more pronounced in peripheral regions, i.e., regions of the white matter skeleton
outside of the Johns Hopkins University (JHU) white matter atlas,130 rather than core
regions that are contained within this atlas. Similar findings were reported in a study
on early-onset psychosis conducted by our own group within the ENIGMA
consortium,131 and in a number of smaller studies,132–134 with substantial
heterogeneity in estimated effect sizes and the patterns of affected fibre tracts.135

Alterations in DTI metrics are often attributed to abnormal myelination. However, as
discussed in section 1.2.4, it is difficult to directly link DTI metrics to specific features
of white matter microstructure. Several studies have employed quantitative and
semi-quantitative neuroimaging techniques in schizophrenia spectrum disorders. For
instance, many studies report lower MTR in patients compared to healthy
controls,136,137 with some notable exceptions.138 Lower MTR in the left cingulate has
been associated with delusions of control in schizophrenia spectrum disorders.139 In
a study on MWF, Vanes et al140,141 found reduced MWF in frontally projecting white
matter fibre tracts in both chronic and recent-onset patients with schizophrenia
spectrum disorders, as well as associations with IQ and verbal fluency in
recent-onset patients. Using macromolecular proton fraction mapping, which is
based on the MT effect,142 Smirnova et al143 found evidence of reduced myelination
in both white and grey matter in patients with chronic schizophrenia spectrum
disorders. Notably, the fraction was lower in patients characterised by negative
symptoms and was negatively associated with the duration of illness.
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Fewer studies have specifically investigated intracortical myelin in schizophrenia
spectrum disorders. In a previous study, we examined the cortical grey-white matter
contrast (GWC) in patients with schizophrenia spectrum and bipolar disorders.144 The
GWC is based on T1-weighted intensities in grey matter and adjacent superficial
white matter and is thought to be inversely correlated with intracortical myelin
content. We found higher GWC values in sensory and motor regions in 214 patients
with schizophrenia spectrum disorders compared to 278 healthy controls, consistent
with the interpretation of lower intracortical myelin in patients compared to healthy
controls. More recently, Makowski et al145 reported a trend-level increase in GWC
values within a cortical component that included sensory and motor regions in
patients with first-episode psychosis compared to healthy controls. Although this
difference was not significant, the component contained regions overlapping with
those where we found higher GWC values.

In an early study on the T1w/T2w-ratio, Iwatani et al146 found lower mean, but not
regional, T1w/T2w-ratio values in both grey and white matter in 29 patients with
schizophrenia spectrum disorders and 33 healthy controls. Ganzetti et al147 reported
lower T1w/T2w-ratio values in the auditory cortex and in frontally projecting white
matter fibre tracts in a comparison of 36 patients with schizophrenia spectrum
disorder compared with 35 age-matched controls. More recently, Wei et al148

investigated the T1w/T2w-ratio in patients with first-episode schizophrenia spectrum
disorders with both direct group comparisons and structural covariance. They
reported a more complex layer-dependent pattern of lower T1w/T2w-ratio values in
the insula and posterior cingulate gyrus and higher values in the left inferior parietal
lobe, supramarginal gyrus, and superior temporal gyrus. Interestingly, higher
T1w/T2w-ratio values were associated with better cognitive function in younger
participants but worse cognitive function in older participants. In another study using
structural covariance, Wei et al149 found both reduced and increased network-level
T1w/T2w-ratio values and associations with duration of untreated psychosis.

It is important to consider the dynamic nature of myelination when interpreting the
past literature on myelin-related differences in patients with schizophrenia spectrum
disorders. The presence and severity of symptoms in these patients tend to fluctuate
over time, and neurobiological correlates, insofar as they correlate with symptoms,
would be expected to show similar fluctuations. Therefore, discrepancies in the
literature may arise from the inclusion of patients at different stages of the illness.
Importantly, treatment with antipsychotic medication may ameliorate myelin deficits,
leading to null findings or paradoxical findings of higher myelin-related indices.150,151

Hence, a comprehensive understanding of whether or not myelin is implicated in
these disorders requires a nuanced and temporally sensitive approach.
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1.3.2 Bipolar disorders

The DTI findings in bipolar disorders overlap substantially with those of
schizophrenia spectrum disorders. Based on data from the ENIGMA consortium,
Kochunov et al152 showed high correlations in tract-wise effect sizes from
patient-control comparisons in studies on schizophrenia spectrum disorders and
bipolar disorders (r=0.72). Interestingly, they found high correlations between bipolar
disorders and obsessive compulsive disorder (r=0.64), but not between bipolar
disorders and major depressive disorder (r=0.28). Using DKI, Goghari et al153 found
lower mean and axial kurtosis in patients with bipolar disorders compared to healthy
controls. While these findings may reflect abnormal myelination, it is difficult to link
them directly to specific features of microstructure. It has been proposed that DWI
findings in bipolar disorders reflect dysmyelination and that longitudinal changes in
white matter microstructure correspond to the illness phases of bipolar disorders.154

Sehmbi et al155–157 found associations between an indirect measure of intracortical
myelin and verbal memory, as well as altered age trajectories of intracortical myelin
in patients with bipolar I disorder. Structural covariance analyses showed
associations between network measures and psychosocial functioning. Mahal et al158

used magnetic resonance spectroscopy, an imaging technique for metabolic
profiling, and found altered concentrations of choline metabolites in the dorsolateral
prefrontal cortex in patients with bipolar I disorder.158 They suggested that this
reflects altered myelin turnover, as well as alterations in the neuronal membrane and
overall cell density. In the previously mentioned study on the GWC from our own
group,144 we found higher GWC in 185 patients with bipolar disorders compared to
278 healthy controls. The implicated regions included the motor, auditory, and
occipital cortices but were more limited than those of patients with schizophrenia
spectrum disorders. Thus, there are findings congruent with alterations of both
intracortical and white matter myelination in bipolar disorders. However, fewer
studies have specifically investigated this putative pathophysiological mechanism in
bipolar disorders compared to schizophrenia spectrum disorders.

1.3.3 Auditory hallucinations

Most previous studies on myelin-related MRI measures and auditory hallucinations
have focused on schizophrenia spectrum disorders, whereas fewer studies have
been conducted in bipolar disorders. DTI has been particularly frequently used in this
context, and there are numerous reports of group differences in DTI metrics between
patients with auditory hallucinations (AH+) and without auditory hallucinations (AH-),
and between AH+, AH- and healthy controls.159–161 It should also be pointed out that
the assessment of auditory hallucination status varies between studies, with frequent
use of both current and lifetime measures and a broad range of clinical instruments
and criteria. We discuss these and related issues in more depth in section 5.2.5.
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Previous studies have tended to focus on FA, and have primarily, or exclusively,
investigated fibre tracts within the language and auditory processing circuitry
(LAPC),162 under the assumption that auditory hallucinations are specifically related
to alterations of white matter microstructure within these fibre tracts. The most
frequent findings involve lower FA in AH+ compared to healthy controls or AH-, but
there is considerable heterogeneity in both the direction of findings and the precise
fibre tracts that are implicated.161 There has been a particular focus on the arcuate
fasciculus (AF), given its important role in the LAPC.163–166 Studies also report an
effect of auditory hallucination status on DTI metrics in interhemispheric fibre
tracts,167–169 and it has been suggested that disrupted interhemispheric connectivity
plays a role in auditory hallucinations.170–172 A few DTI studies have also investigated
a broader selection of DTI metrics, such as Sato et al,173 who reported a positive
association between hallucination severity and MD in individuals at ultra-high risk of
developing schizophrenia and early-onset psychosis.

There have been few qMRI studies on auditory hallucinations focusing on myelin.
However, an early qMRI study reported higher T1 relaxation times in the left
temporal lobe in patients with epilepsy who had a clinical presentation similar to
schizophrenia spectrum disorders.174 Morphometric studies have shown an effect of
auditory hallucination status on structural characteristics of the cerebral cortex.
These findings include lower cortical thickness and grey matter density of auditory
processing regions in AH+ compared to both AH- and healthy controls.175 In bipolar
disorders, the opposite finding of higher cortical thickness has been reported.176 The
microstructural correlates of group differences in cortical thickness are poorly
understood, but it has been suggested that myelination may contribute to the
measurement of cortical thickness by shifting the boundary between grey and white
matter.177,178 As such, morphometric findings may reflect myelin-related changes in
superficial white or grey matter. In summary, previous studies on myelin-related MRI
indices and auditory hallucinations have been mostly limited to DTI. These have
tended to report lower FA and, to some extent, higher MD in AH+, whereas fewer
studies have investigated the link between other myelin-related measures and
auditory hallucinations.

1.3.4 Antipsychotic medication

As discussed in section 1.1.6, antipsychotic medication has been hypothesised to
have promyelinating effects that may contribute to their clinical efficacy. To date, few
comprehensive studies have investigated the effect of antipsychotic medication on
DTI metrics.179 Studies have mostly focused on FA, where both reduced180 and
increased181–184 FA has been reported following antipsychotic treatment. Such studies
are complicated by the fact that antipsychotic medication is the first line of treatment,
can be a proxy for illness severity, and that cumulative information on antipsychotic
medication use is usually not available.
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In a series of studies, Bartzokis and colleagues investigated associations between
antipsychotic medication, particularly atypical antipsychotic medications, and an
indirect measure of intracortical myelin.83,84,87,185 Taken together, their findings
indicate a relationship between exposure to atypical antipsychotic medication and
intracortical myelin. Initially, this relationship is positive but peaks after about one
year and begins to decline.87 They propose that initial promyelinating effects
contribute to the reduction in positive symptoms, particularly within the first year of
treatment, but are then attenuated, leading to an increased risk of remission. If
confirmed, such a biological process would represent a promising target for the
development of new medical treatments.186,187

It should be emphasised that these studies used an indirect measure of intracortical
myelin. This measure is based on two MRI images with different sensitivity to
myelinated cerebral cortex, i.e., a proton density and an inversion recovery image.
White matter is segmented in both images, and the volumetric difference between
the two segmentations yields a volumetric measure of intracortical myelin.185 Given
the indirect nature of this measure, future studies employing well-validated measures
of intracortical myelin are needed to replicate their findings.

1.4 Summary

Schizophrenia and bipolar disorders are severe multifactorial mental disorders with
heterogeneous clinical presentations and uncertain aetiology. Abnormal myelination
has been advanced as a potential pathophysiological mechanism. Specifically,
abnormal myelination may lead to a disruption of basic sensory processing that
causes aberrant filtering of self-generated and externally generated perceptual
information, giving rise to delusions of control and auditory hallucinations.

Although MRI is a remarkable tool for studying brain structure which is sensitive to
myelin-related alterations, more knowledge is needed about the exact relationship
between MRI imaging measures and cerebral microstructure, as well as other
aspects of their measurement properties. This forms the background of the aims and
objectives of the current doctoral project, which are summarised in the next chapter.
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2. Aims and objectives

The aims of this doctoral project were to test two hypotheses in line with the
dysmyelination hypothesis of psychosis. First, we hypothesised that intracortical
myelin deficits are present in patients with schizophrenia spectrum and bipolar
disorders. Second, we hypothesised that white matter myelination is affected in
patients with schizophrenia spectrum disorders and auditory hallucinations.

To test these hypotheses, we first developed optimised pipelines for computing the
T1w/T2w-ratio. Next, we used the optimised T1w/T2w-ratio to investigate group
differences between patients with schizophrenia spectrum and bipolar disorders and
healthy controls. Finally, we used DTI to assess how white matter microstructure is
related to auditory hallucinations in schizophrenia spectrum disorders.

Objectives

1. Characterise the test-retest reliability of the T1w/T2w-ratio and its agreement
with known myeloarchitecture.

2. Investigate whether optimised processing of the T1w/T2w-ratio can be used to
improve its measurement properties.

3. Use the T1w/T2w-ratio to compare intracortical myelin in patients with
schizophrenia spectrum and bipolar disorders with healthy controls.

4. Investigate if and how DTI metrics are associated with auditory hallucination
status in patients with schizophrenia spectrum disorders.

5. Test whether putative alterations of DTI metrics in patients with auditory
hallucinations are specific to fibre tracts within the LAPC.

Hypotheses

1. The T1w/T2w-ratio is influenced by the scanner model and pulse sequence
and can be improved with the use of correction factors.

2. Patients, particularly those with schizophrenia spectrum disorders, have lower
T1w/T2w-ratio values in primary motor and sensory cortices compared to
healthy controls.

3. Patients with auditory hallucinations have lower FA and higher MD and RD
compared to healthy controls in white matter fibre tracts within the LAPC.
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3. Materials and methods

The doctoral project was conducted at the Norwegian Centre for Mental Disorders
Research (NORMENT) and in collaboration with the Regional Core Facility in
Translational MRI Neuroimaging at the Oslo University Hospital (OUS), Ullevål. In
the third study, we included data from the Human Brain Informatics (HUBIN) project
at Karolinska Institutet in Stockholm, Sweden.

The Thematically Organised Psychosis (TOP) study is a translational research
project with the goal of studying the clinical and biological characteristics of psychotic
disorders. It is organised within the NORMENT framework, which also coordinates
several subprojects with a shared database and research protocols. Data collection
for the TOP study began in 2002 and is still ongoing. The HUBIN project is a similar
translational research initiative with a primary emphasis on schizophrenia spectrum
disorders. Recruitment for the HUBIN project took place from 1998 to 2003, and
follow-up examinations were conducted after 5 and 13 years.

NORMENT was established as a Norwegian Centre of Excellence in 2013 with a
10-year grant from the Research Council of Norway. It currently consists of 15
research groups and over 200 employees and affiliates. The research activities span
a broad range of topics, including illness trajectories and outcomes, characterisation
of symptomatology, analysis of genetic and epigenetic variation, research on
pharmacology, as well as neuroimaging with electrophysiology and MRI.

3.1 Participants

In the first study, we included test-retest data from healthy participants scanned at
our facility and two openly available datasets where test-retest data was available. In
the second study, we included healthy controls and patients with schizophrenia
spectrum and bipolar disorders from the TOP study. In the third study, we included
patients with schizophrenia spectrum disorders and healthy controls from both the
TOP study and from the HUBIN project.

3.1.1 Test-retest datasets

We included data from three test-retest datasets collected on four different MRI
scanners. Two test-retest datasets, named Donders and HCP in the first study, were
accessed through online repositories. The third dataset, named NOR-MR750 and
NOR-Premier in the first study, was obtained in-house as part of a reliability study
conducted in connection with an upgrade of the MRI scanner at the Regional Core
Facility in Translational MRI Neuroimaging at OUS.
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The Donders test-retest dataset included scans from 17 healthy participants (mean
age=24.7 years) enrolled in a test-retest study at the Donders Centre for Cognitive
Neuroimaging, Radboud University, Nijmegen, Netherlands. The participants were
scanned twice with repositioning between each MRI acquisition. Head fixation was
randomised to cushions only or cushions and a chin rest. The participants were
scanned on a 3T Siemens Magnetom Prisma scanner platform (Siemens, Erlangen,
Germany) equipped with a 32-channel head coil. This dataset was previously used in
a study by Shams, Norris and Marques,120 where they compared the T1w/T2w-ratio
with R1 mapping and assessed test-retest reliability.

The Human Connectome Project (HCP) test-retest dataset comprised acquisitions
from participants (mean age=30.7 years) who took part in the HCP Young Adult
(HCP-YA) study.188 Participants were scanned twice on a customised 3T Siemens
Connectom Skyra scanner platform (Siemens, Erlangen, Germany) equipped with a
32-channel receive head coil. Given the long scan-rescan interval of this dataset, we
selected participants with a scan-rescan interval below 6 months, resulting in 34
participants with a mean scan-rescan interval of 3.85 months (range=[2-5]).

The in-house test-retest dataset consisted of scans from nine healthy participants
(mean age= 35.8 years) recruited internally. The dataset was acquired as part of a
scheduled upgrade of the MRI scanner platform from a 3T GE Discovery MR750
(GE Medical Systems, Milwaukee, USA) to a 3T GE SIGNA Premier. The aim of the
study was to ensure data consistency across the old and new scanner platforms,
and to optimise the new MRI protocol for T1w/T2w-ratio mapping. The study was
planned and conducted by the doctoral candidate in collaboration with medical
physicists Wibeke Nordhøy and Robin AB Bugge at the Department of Physics and
Computational Radiology at OUS. We used a 2 × 2 × 2 design (scanner × scan
session × protocol acquisition) with a total of 80 protocol acquisitions. We acquired
complete data on 9 participants with similar age and sex distributions as participants
in the TOP study.

The in-house test-retest dataset was designed to capture variation from multiple
sources. First, the inclusion of two separate scan sessions accounted for the
influence of day-to-day intra-subject variability. To minimise the effect of time-of-day
variability, we additionally matched the time of day across sessions for each
participant. Second, the study design allowed for both direct comparisons between
MRI scanners and indirect comparisons of test-retest reliability between MRI
scanners. In theory, it would be possible to also compare participants directly across
scanner platform. Unfortunately, the upgrade was delayed and acquisitions on the
upgraded scanner took place about 10 months after the first acquisitions. Each
session included MRI scanning with a minimal protocol acquired twice with
repositioning. See Figure 4 for an overview of a study design.
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Figure 4. Overview of the in-house test-retest dataset. The top row depicts the two sessions with
test-retest acquisitions on the Discovery MR750, and the bottom the acquisitions on the SIGNA
Premier. Possible within- and between-session comparisons are illustrated.

3.1.2 TOP study

Patients with psychotic or affective symptoms were referred to participate in the TOP
study by their clinicians at psychiatric inpatient ward units and outpatient clinics in
the greater Oslo region. The patients underwent structured clinical assessment and
were included if they were diagnosed with a DSM-IV disorder of schizophrenia
spectrum (295.x), bipolar (296.x), or other psychotic disorders (297.x-298.x).
Exclusion criteria included an age outside the range of 18-65 years, IQ less than 70,
and a history of neurological illness or moderate to severe head injury. Patients with
psychosis mainly due to an alcohol- or substance-induced disorder (291.x, 292.x)
were excluded, but the presence of a comorbid alcohol or substance use disorder
was not, in itself, an exclusion criteria for patients.
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Healthy controls within the same age range (18-65 years) were randomly drawn from
population registries in the same catchment area as the patients. Potential
participants were contacted and asked to participate. Exclusion criteria for healthy
controls were a mental disorder or a history of serious medical issues, a first-degree
relative with a diagnosis of severe mental disorder, or meeting the diagnostic criteria
for an alcohol or substance use disorder. Additionally, healthy controls were
excluded if they reported cannabis use within the last three months.

In the second study, we included 310 participants from the TOP study, consisting of
64 patients with schizophrenia spectrum disorders, 91 patients with bipolar
disorders, and 155 healthy controls. We only included participants scanned on the
GE Discovery MR750 scanner platform since T2w images with sufficient quality and
resolution were not included in previous MRI protocols.

In the third study, we included 228 participants from the TOP study, consisting of 114
patients with schizophrenia spectrum disorders scanned on both the GE Signa HDxt
and GE Discovery MR750 scanner platforms. We selected patients with complete
information on current auditory hallucinations.

3.1.3 HUBIN project

Patients with a preliminary diagnosis of a schizophrenia spectrum disorder were
referred to the study by their treating psychiatrist within the catchment area of
North-Western Stockholm County. For inclusion, they had to meet DSM-III-R or
DSM-IV criteria for schizophrenia or schizoaffective disorder. Participants with an IQ
less than 70, head injury resulting in loss of consciousness for more than five
minutes, or a medical condition affecting the brain were excluded.

Healthy controls were recruited from population registries and among hospital staff
and students at the psychiatric centres. Participants with a history of mental illness or
first-degree relatives diagnosed with a psychotic disorder were excluded.

In the third study, we included 52 participants from the HUBIN project, consisting of
26 participants with schizophrenia spectrum disorders and 26 healthy controls. Due
to the availability of DTI data, we selected participants scanned on the GE Discovery
MR750 scanner platform. The patients had a mean duration of illness of 27.7 years
and had been followed up for about 13 years from baseline. We further selected
patients with complete information on current auditory hallucinations.
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3.2 Ethical considerations

NORMENT collaborates with Bipolarforeningen Norge, and a user representative is
engaged part-time in the TOP study. A user expert advisory group provides guidance
on protocols, ethical questions, and public outreach. All studies were carried out in
accordance with the Helsinki Declaration, and participants provided written informed
consent. Participants may withdraw from the study at any time.

The TOP study is approved by the Regional Committee for Medical Research Ethics
and the Norwegian Data Inspectorate, while the HUBIN project is approved by the
Swedish Ethical Review Authority at Karolinska Institutet. External datasets had
ethical approval from their respective local ethics committees. Data handling was
compliant with Norwegian Data Protection Authority and GDPR regulations.

3.3 Clinical assessment

3.3.1 General clinical assessment

Diagnostic evaluations of patients in the TOP study were based on the Structured
Clinical Interview for DSM-IV (SCID-IV),189 while the SCID for DSM-III-R
(SCID-III-R)189 was used in the HUBIN project. Current antipsychotic medication use,
including dosage and type, was determined through interviews and converted to
chlorpromazine equivalent doses (CPZ; mg/day).190 IQ was assessed with the
Wechsler Abbreviated Scale of Intelligence (WASI-II)191 in the TOP study and the
Wechsler Adult Intelligence Scale (WAIS) in the HUBIN project. In the TOP study,
psychosocial functioning was rated with the split version of the Global Assessment of
Functioning Scale (GAF).192 Age at onset was defined as the age at the first
psychotic episode, verified using the SCID-IV or SCID-III-R. Duration of illness was
calculated as years from age at onset to age at MRI scan. In the TOP study, alcohol
and drug use was assessed with the Alcohol Use Disorder Identification Test
(AUDIT)193 and the Drug Use Disorders Identification Test (DUDIT).194

3.3.2 Psychotic symptom ratings

In the TOP study, lifetime symptoms were assessed with the SCID-IV and current
symptoms, i.e., the week before clinical assessment, were assessed with the
Positive and Negative Syndrome Scale, PANSS.195 We converted PANSS scores to
symptom factors from the consensus-based Wallwork five-factor model.196 This
model consists of five symptom dimensions: Positive (P1 + P3 + P5 + G9), negative
(N1 + N2 + N3 + N4 + N6 + G7), disorganised (P2 + N5 + G11), excited (P4 + P7 +
G8 + G14), and depressive (G2 + G3 + G6).
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In the HUBIN project, lifetime symptoms were assessed with the Schedules for
Clinical Assessment in Neuropsychiatry (SCAN),197 and current symptoms were
evaluated with the Scales for the Assessment of Positive and Negative Symptoms,
SAPS198 and SANS.199

3.3.2 Auditory hallucination status

In the third study, we determined current auditory hallucination status using the
PANSS-P3 item in TOP and the SAPS-H1 item in HUBIN. For TOP, individuals with a
score of 3 or above on the PANSS-P3 were defined as having current auditory
hallucinations (AH+), while those with a score below 3 were defined as not having
current auditory hallucinations (AH-).

The lifetime auditory hallucinations (L-AH+) group was defined as individuals with a
rating of threshold/present on the B16 item from the SCID, and the absence of
lifetime auditory hallucinations (L-AH-) was defined as those with a rating of
subthreshold/not present.

In HUBIN, individuals who scored 2 or above on the SAPS-H1 were defined as AH+,
while AH- was defined as those scoring 1 or 0. The L-AH- group was defined as
those who had a rating of absent/not clinically significant or mild/questionable on the
17.004 item of the SCAN. See Table 1 for an overview of assessment criteria for
PANSS, SAPS, SCID, and SCAN.

Table 1. Criteria used to assess the presence of current (PANSS and SAPS) and lifetime auditory
hallucinations (SCID and SCAN). Names, descriptions, and explanation of the scores are taken from
the clinical instruments. Current symptoms included one week before clinical assessment.
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3.4 MRI data processing

In this doctoral project, we employed two primary MRI brain phenotypes. The first
two studies employed the T1w/T2w-ratio, where the first study was a comprehensive
evaluation of techniques for computing this measure. In the third study, we used DTI
metrics in white matter with particular focus on MD and RD, since these have been
suggested as more sensitive to myelin-related alterations than FA and AD. We also
included intracranial volume (ICV) as a potential confounding variable.

3.4.1 T1w/T2w-ratio processing

T1w images were first processed with the open source and freely available
FreeSurfer software package,200 where we used versions 6.0.0 and 7.1.0 for the first
study, and version 6.0.0 for the second study. In the first study, we also used T2w
images as inputs in the recon-all processing pipeline to refine the surface
reconstruction. Briefly, FreeSurfer segments grey and white matter compartments
and reconstructs surface meshes representing the boundaries between grey and
white matter (grey-white surface) and between grey matter and cerebrospinal
fluid/non-brain (pial surface).201,202

In the first study, 170 individual acquisitions were processed, comprised of nine
participants in the in-house test-retest dataset, each scanned four times on each
MRI scanner, 15 participants in the Donders test-retest dataset (after three
participants had been excluded due to image quality), and 34 participants in the HCP
test-retest dataset. In the second study, 220 individual acquisitions were processed.

Reconstructed surfaces were inspected by research assistants, who performed
manual editing if reconstruction errors were identified, following standard FreeSurfer
procedures.203 T1w image quality was assessed and images were excluded if large
artefacts were seen, e.g., due to motion. In the second study, we visually inspected
each T1w/T2w-ratio map, if the maps deviated substantially from known
myeloarchitecture, the T1w and T2w were inspected, and the participant was
excluded if artefacts or low image quality were observed for either modality.

In the first study, we implemented and evaluated 33 pipelines for computing the
T1w/T2w-ratio. These included nine pipelines with corrections for partial volume
effects, surface outliers and intensity nonuniformities. We further evaluated eight
different intensity normalisation methods implemented in the Intensity Normalization
toolbox,204,205 as well as the standard T1w/T2w-ratio pipeline from the HCP Minimal
Processing Pipelines (HCP-MPP).206 Briefly, we included and evaluated partial
volume correction as described by Shafee et al,207 surface-based outlier correction
as described by Glasser et al,98 and intensity nonuniformity correction using the
classic N3208 and the more recent N4ITK209 algorithms.
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For all processing methods, except HCP-MPP, we sampled T1w/T2w-ratio intensities
in grey matter along equivolumetric surfaces at distances of 10% to 80% of cortical
thickness from the grey-white surface.210 We omitted distances of 0-10% and
80-100% to minimise partial volume and vascularisation effects, where intensities
from superficial white matter, cerebrospinal fluid, or blood vessels may affect
sampled T1w/T2w-ratio values within the cerebral cortex.98,207

In the second study, we computed the T1w/T2w-ratio using a pipeline that included
corrections for partial volume effects, surface outliers, and intensity nonuniformities
with the N4ITK algorithm, as well as intensity normalisation with WhiteStripe.211 This
pipeline produced T1w/T2w-ratio maps that corresponded well with known
myeloarchitecture and showed good test-retest reliability in the first study.
Importantly, WhiteStripe appeared to preserve interindividual variation, which is
desirable in the context of between-subject comparisons.

We decided not to use Z-score intensity normalisation, which also showed good
test-retest reliability. This intensity normalisation method is based on whole-brain
intensities, whereas WhiteStripe only uses intensities within white matter.212

Accordingly, we reasoned that WhiteStripe makes fewer assumptions about T1w and
T2w values in the cerebral cortex, which was the region of interest (ROI). We
discuss the benefits and drawbacks of intensity normalisation in section 5.2.3.

3.4.2 Diffusion tensor imaging and tractography

DTI data was processed using an optimised pipeline213 and the FMRIB Software
Library (FSL; version 6.0.3).214 This pipeline includes corrections for noise,215 Gibbs
ringing,216 and echo-planar imaging artefacts due to motion, eddy currents, and
susceptibility distortions.217,218 In a previous study, this pipeline showed substantially
higher temporal signal-to-noise ratio than the original UK Biobank pipeline and was
more sensitive to age-related associations.213 To estimate the DTI metrics, FA, MD,
RD, and AD, we used dtifit in FSL with the linear weighted least squares algorithm.

To reconstruct white matter fibre tracts, we performed diffusion tractography with the
XTRACT219 toolbox in FSL. This toolbox uses the probtrackx2 command in FSL to
produce streamlines that propagate probabilistically from a seed using information
about fibre orientation. For each step in the propagation, termination criteria are
checked, such as a streamline reaching its target or entering a region marked for
exclusion. Similarly, waypoints can be specified that streamlines are required to pass
through to be considered valid. This approach to isolating anatomically plausible
fibre tracts using neuroanatomical priors in the form of seeds, exclusion, and
waypoint masks is sometimes referred to as virtual dissection.220
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XTRACT includes tractography protocols for 42 white matter fibre tracts, of which 19
are bilateral and four are commissural. The protocols include seeds, waypoints,
exclusion masks, and target masks, defined in the MNI152 standard space that are
mapped to subject space where the tractography takes place. Two seeding
strategies are used depending on the fibre tract, either a single-ROI seed or a
reverse-seeding approach, where a pair of seed-target masks are reversed and the
final fibre tract is based on streamlines in both directions.219

Previous studies have highlighted low reproducibility as a methodological challenge
with using diffusion tractography to reconstruct white matter fibre tracts.221,222 The
use of standardised tractography protocols has been proposed as one way to
address this issue.219 Furthermore, tractography performed at the subject-level may
be more robust to individual neuroanatomical variability than registration-based
approaches. We discuss these and related issues in section 5.2.6.

3.4.3 Intracranial volume

Since ICV has been shown to influence DTI metrics,223 we included ICV as a
possible confounding variable in the third study. To estimate ICV, we used the
segmentation-based total intracranial volume (sbTIV) from the Sequence Adaptive
Multimodal Segmentation (SAMSEG),224 a toolbox included in FreeSurfer. It can be
used with both T1w and T2w images as input, where we used T1w images only
since T2w images were not available for some of the included datasets. Notably,
SAMSEG has been designed to be robust with respect to differences in image
quality and MRI pulse sequences. In a previous study, we compared five ICV
estimation methods and their cross-sectional and longitudinal associations with age.
In this comparison, SAMSEG showed less evidence of confounding by sex, height,
weight, age, and total head size than the other ICV estimation methods.225

3.5 Statistical analyses

3.5.1 Reliability and agreement with myeloarchitecture of the T1w/T2w-ratio

Since MRI scanner and choice of pulse sequence may influence the T1w/T2w-ratio,
we analysed each test-retest dataset separately. We first created mean
T1w/T2w-ratio maps for each processing pipeline. These were compared
qualitatively with an intracortical myelin map based on histological staining studies
that was considered the gold standard. This map is based on studies from the
Vogt-Vogt school and aligned to a standard brain by Nieuwenhuys and Broere. To
quantify agreement with myeloarchitecture, we used two T1w/T2w-ratio reference
maps, denoted YA-BC and YA-B1+, that correspond closely with histologically
determined myeloarchitecture.106,226
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To compare T1w/T2w-ratio maps with the reference maps, we first extracted mean
T1w/T2w-ratio values in 176 ROIs from the HCP Multi-Modal Parcellation
(HCP-MMP). These were used to compute Spearman rank correlations between
each mean T1w/T2w-ratio map with the YA-BC and YA-B1+ reference maps. The
reference maps are based on openly available datasets from the HCP-YA study,188

where YA-BC was processed with the HCP-MPP pipeline and YA-B1+ was
additionally corrected for B1 transmit (B1+) field inhomogeneities.226 Note that we
excluded four ROIs from the HCP-MMP due to proximity to the medial wall. We also
briefly acknowledge that this was an indirect test of the agreement with known
myeloarchitecture. This limitation is discussed in more depth in section 5.2.4.

We measured test-retest reliability by calculating percentage coefficients of variation
(CVs) for cortical surface vertices, mean T1w/T2w-ratio values in the 176 HCP-MMP
ROIs, and by combining vertex-wise CVs across the cortical surface. Furthermore,
we extracted median T1w/T2w-ratio values across the cortical surface, which were
used to compute intraclass correlation coefficients (ICCs) that quantify shifts of the
subject-wise T1w/T2w-ratio distributions. We chose the median, since the mean is
more sensitive to the presence of outliers, especially for the pipelines that did not
include surface-based outlier correction. We further quantified the presence of lateral
bias in T1w/T2w-ratio values by computing interhemispheric T1w/T2w-ratio
differences for each ROI of the HCP-MMP with the percentage laterality index.
Finally, we performed follow-up analyses to assess the effects of image resolution
and data transformation from the standard surface used in the HCP-MPP to the
standard surface used in FreeSurfer.

3.5.2 The T1w/T2w-ratio in schizophrenia spectrum and bipolar disorders

We first examined group differences between each patient group, i.e., schizophrenia
spectrum and bipolar disorders, with healthy controls. To do this, we fitted
vertex-wise regression models with diagnosis as a categorical predictor of interest
and sex and age as covariates. T1w/T2w-ratio surface maps were concatenated and
smoothed prior to the analyses. Separate contrasts were specified to compare each
patient group with healthy controls. Cluster-wise correction for multiple testing was
employed with a cluster-forming threshold set at 1 × 10-3 and cluster-wise probability
of 5%, adjusted for comparisons across two cerebral hemispheres. Furthermore, we
examined group differences in T1w/T2w-ratio age slopes. To do this, we specified
diagnosis × age interaction contrasts to compare each patient group with healthy
controls. We specified separate contrasts for each patient group with healthy
controls. In other respects, the models were the same as those above.
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In clusters where significant group differences were identified in the vertex-wise
analyses, we extracted mean T1w/T2w-ratio values and performed follow-up
analyses to examine the associations with antipsychotic medication use and
psychotic symptoms. These analyses were performed for patients only, using
regression models adjusted for age and sex. First, we fitted separate regression
models where we included antipsychotic medication status (yes/no) and
antipsychotic medication CPZ-equivalent dose as predictors of interest. Second, we
assessed medication status-by-age and CPZ-by-age interactions. Finally, we
performed exploratory analyses on the main effects of total PANSS scores and the
five symptom dimensions of the Wallwork five-factor model. The cluster-wise
analyses were corrected for multiple testing using the Benjamini-Hochberg
procedure, where an adjusted p-value < 0.05 was considered statistically significant.

3.5.3 Auditory hallucinations and DTI in schizophrenia spectrum disorders

We fitted tract-wise regression models for each of the 39 included white matter fibre
tracts, where we specified current auditory hallucination status as the independent
variable of interest and each tract-wise DTI metric as dependent variables. The
models were fitted for AH+, AH-, and healthy controls together for comparison with
healthy controls, and among patients only for the direct comparison of AH+ with AH-.
Similar analyses were run for lifetime auditory hallucination status. All regression
models were adjusted for age, age2, and sex.

Dimensionality reduction was conducted by using principal component analysis
(PCA). Suitability of the data for PCA was assessed using the Kaiser-Meyer-Olkin
test and Bartlett's test of sphericity. We created unimodal general factors (g-factors)
of DTI metric-specific variation by pooling variation across all 39 fibre tracts for each
DTI metric and extracting the first principal component, which was taken as the
g-factor for that metric. This resulted in unimodal g-factors g-FA, g-MD, g-RD, and
g-AD. Multimodal g-factors were created by conducting PCA on all tracts and DTI
metrics simultaneously. Since prior studies indicated that two principal components
are needed to capture multimodal variation, we extracted the first two principal
components as our multimodal g-factors g-Dim1 and g-Dim2.

Finally, we tested group differences in uni- and multimodal g-factors between AH+,
AH-, and healthy controls, as well as between AH+ and AH-. We further fitted
regression models exploring associations between g-factors and age at onset,
duration of illness, antipsychotic medication use (yes/no), CPZ, and Wallwork
symptom factors. In these analyses, separate univariate regression models were
fitted for each clinical measure as variables of interest, and with each uni- and
multimodal g-factor as dependent variables.

30 30



In post-hoc analyses, we tested for confounding by ICV and body mass index (BMI)
by fitting separate regression models adjusted for either ICV or BMI together with the
current auditory hallucination status as the variable of interest. Age, age2, and sex
were included as covariates as above. We fitted the models in the whole sample to
assess potential confounding in the comparison of g-factors for AH+ and AH- with
those of healthy controls and among patients for the direct comparison between AH+
and AH-. The analyses were adjusted for multiple comparisons with the
Benjamini-Hochberg procedure, and an adjusted p-value < 0.05 was considered
statistically significant.

31 31



4. Results

4.1 Study 1: Reliability and agreement with myeloarchitecture
of the T1w/T2w-ratio

In the first study, we included 33 pipelines for computing the T1w/T2w-ratio in 170
individual acquisitions of 58 participants. There were two main research questions.
First, how closely does the T1w/T2w-ratio agree with known myeloarchitecture and
can correction methods improve agreement? Second, what is the test-retest
reliability of the T1w/T2w-ratio and can intensity normalisation improve reliability?

We found inconsistent agreement with myeloarchitecture across datasets and
processing pipelines, which could in some cases be improved with intensity
nonuniformity correction. Strikingly, the NOR-MR750 dataset had a Spearman rank
correlation of only -0.05 with the YA-B1+ reference map for the raw T1w/T2w-ratio
pipeline. However, this improved to 0.66 after N4ITK intensity nonuniformity
correction and to 0.77 with the HCP-BC pipeline. Other datasets showed
considerably higher correlations with this reference for the raw pipeline ranging from
0.72 for the HCP test-retest dataset to 0.96 for the Donders test-retest dataset.

The test-retest reliability was overall poor for the raw T1w/T2w-ratio, with CVs
ranging from 12.3-8.6% and ICCs ranging from 0.13-0.90. Some intensity
normalisation methods improved the reliability, whereas others paradoxically
worsened it. We found large improvements for intensity normalisation with Z-score
and WhiteStripe in combination with N4ITK intensity nonuniformity correction. Finally,
we observed marginal effects of corrections for surface outliers and partial volume
effects on both agreement with myeloarchitecture and test-retest reliability.

4.2 Study 2: The T1w/T2w-ratio in schizophrenia spectrum and
bipolar disorders

In the second study, we included 64 patients with schizophrenia spectrum disorders,
91 patients with bipolar disorders, and 155 matched healthy controls. We used an
optimised pipeline for computing T1w/T2w-ratio maps from the first study, which
showed good test-retest reliability whilst preserving interindividual variation. We
aimed to answer three research questions. First, does the T1w/T2w-ratio in patients
differ compared to healthy controls? Second, do T1w/T2w-ratio age trajectories in
patients differ compared to healthy controls? Third, is antipsychotic medication or
psychotic symptoms related to T1w/T2w-ratio values or age trajectories in patients?
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We observed no significant vertex-wise differences in the T1w/T2w-ratio between
patients with schizophrenia spectrum or bipolar disorders and healthy controls.
However, we found significant age-by-diagnosis interactions, indicating more positive
age slopes of T1w/T2w-ratio values in patients with schizophrenia spectrum
disorders compared to healthy controls.

Significant regions included clusters in frontal and temporal regions, including
bilateral regions of the superior frontal and insular cortices, as well as parietal and
occipital regions. Age slopes in healthy controls were negative in medial frontal and
temporal regions with significant positive age associations limited to the central
sulcus. In contrast, patients with schizophrenia spectrum disorders showed
significant positive age associations in additional regions, including frontal regions.
See Figure 6 for an overview of significant clusters and scatterplots of
T1w/T2w-ratio values against age for a selection of clusters.

In the cluster analyses restricted to the patients only, we found significant
interactions between age and antipsychotic medication use (yes/no), indicating a
more positive age slope in patients currently treated with antipsychotic medication.
Furthermore, we found similar interaction effects with CPZ, where patients with a
higher CPZ had more positive age slopes. The CPZ-by-age interaction was
significant in all significant clusters except two out of 22. We observed no
associations with psychotic symptoms that survived correction for multiple testing.

Figure 6. Clusters of significant age-by-diagnosis interactions in patients with schizophrenia spectrum
disorders compared to healthy controls. Scatter plots show associations between age (x-axes) and
T1w/T2w-ratio values (y-axes) for a selection of significant clusters among patients with schizophrenia
spectrum disorders (red line), bipolar disorders (blue line) and healthy controls (green line).
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4.3 Study 3: Auditory hallucinations and DTI in schizophrenia
spectrum disorders

In the third study, we investigated the effect of auditory hallucination status on DTI
metrics in 140 patients with schizophrenia spectrum disorders and 140 matched
healthy controls. We aimed to answer three main questions. First, are DTI metrics
different in AH+ compared to AH- or healthy controls, and is this effect specific to
lower FA and higher MD and RD in fibre tracts of the LAPC? Second, can
dimensionality reduction enhance sensitivity to the effects of auditory hallucination
status? Third, are there associations with other psychotic symptoms or clinical
factors such as antipsychotic medication and duration of illness?

Surprisingly, we found widespread tract-wise differences in MD and RD in the
comparison of AH- with healthy controls, whereas differences between AH+ and
healthy controls were limited to MD in the right middle longitudinal fasciculus (MDLF)
and both MD and RD in the right optic radiation (OR). We did not observe any
differences in the direct comparison of AH+ with AH-. For lifetime auditory
hallucinations, we found tract-wise differences between both L-AH+ and L-AH-
relative to healthy controls, where DTI alterations in L-AH- were mostly right
lateralised and those of L-AH+ were left lateralised and bilateral. Only MD and RD
differed significantly for these group comparisons. Importantly, the effects of auditory
hallucination status were not restricted to fibre tracts within the LAPC.

In the dimensionality reduction analyses using PCA, we found that only AH- differed
with respect to healthy controls. Significant differences were observed for all
g-factors except g-FA. Specifically, g-AD was higher in AH- compared to healthy
controls, despite no significant tract-wise findings for this DTI metric. There were no
significant associations between the g-factors and age at onset, duration of illness,
antipsychotic medication use or dose, or psychotic symptoms. ICV was significantly
associated with g-FA, g-RD, g-AD, and g-Dim2, but group differences remained after
adjusting for ICV or BMI. No significant differences were observed between AH+ and
AH- for any of the g-factors. See Figure 7 for an overview of the 39 white matter
fibre tracts included in the analyses.
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Figure 7. Overview of white matter fibre tracts included in the analyses in the third study. The top row
shows fibre tracts within the language and auditory processing circuitry (LAPC) and the bottom row
shows additional fibre tracts.
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5. Discussion

In this doctoral project, we focused on two MRI measures related to myelin in grey
and white matter respectively. We investigated methodological issues related to use
of the T1w/T2w-ratio as a measure of intracortical myelin and aimed to test the
dysmyelination hypothesis. In the first study, we performed a comprehensive
evaluation of the test-retest reliability of the T1w/T2w-ratio and its agreement with
known myeloarchitecture. Results from this study were then used to investigate the
T1w/T2w-ratio in patients with schizophrenia spectrum and bipolar disorders. In the
third and final study, we examined the relationship between auditory hallucination
status and DTI metrics across a wide selection of white matter fibre tracts.

5.1 Main findings

5.1.1 Measurement properties of the T1w/T2w-ratio

The observation of poor agreement between T1w/T2w-ratio maps and known
myeloarchitecture for some pipelines and datasets highlights the need for careful
quality assurance and calibration of the T1w/T2w-ratio. This issue can be especially
problematic when the T1w/T2w-ratio is used for cortical parcellation, which relies on
cortical T1w/T2w-ratio distributions to define myeloarchitectonic boundaries between
regions. We found that post hoc intensity nonuniformity correction can, in some
cases, drastically improve this agreement. However, agreement ranged widely
between the datasets, which likely reflects different homogeneity profiles of the MRI
scanners. In particular, intensity inhomogeneities induced by the B1+ field (i.e., the
B1 transmit field) can have deleterious effects on intensity-based measures. Such
effects are highly nonlinear, have a major impact on weighted MRI intensities, and
can be difficult to rectify with post hoc correction methods.209

In the dataset with the worst initial agreement with myeloarchitecture, we observed a
radical improvement after intensity nonuniformity correction with the N4ITK
algorithm. On the other hand, N4ITK paradoxically worsened the agreement in
datasets where the raw T1w/T2w-ratio corresponded well with histologically
determined myeloarchitecture and reference maps. We ascribe this effect to intensity
nonuniformity correction getting 'greedy' if only minor field inhomogeneities are
present in the data, leading to the introduction, rather than reduction, of intensity
nonuniformities. Notably, this issue was more pronounced with N4ITK, which uses a
more aggressive adjustment procedure compared to N3. As such, the decision
whether or not to use post hoc intensity nonuniformity correction and, if used, the
optimal choice of method depends on the presence and magnitude of field
inhomogeneities in the dataset, which should be carefully assessed.
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Theoretically, the effects of the receive (B1-) field are shared between the T1w and
T2w images so that they cancel in the T1w/T2w-ratio.98 B1+ field effects, on the other
hand, will, in general, differ between the T1w and T2w images. They are therefore
not necessarily cancelled in the T1w/T2w-ratio.226 It is therefore particularly important
to quantify intensity inhomogeneities related to the B1+ field and take steps to
mitigate their effects. The gold standard of B1+ field mapping involves dedicated
pulse sequences, which can be acquired in 1-2 minutes. However, many MRI
protocols, particularly in clinical settings, do not include such field maps and indirect
estimation of the B1+ field is therefore sometimes required. There are several
approaches to reducing B1+ field inhomogeneities, including improved coil design
and techniques such as B1+ shimming.227 Notably, Glasser et al proposed two
methods for mitigating B1+ field inhomogeneity effects when computing the
T1w/T2w-ratio.226 While one of the methods requires dedicated B1+ field maps, their
pseudo-transmit approach instead uses two sequences that are commonly acquired
in clinical MRI protocols. This method can therefore be an excellent alternative for
datasets where such field maps have not been acquired.

Furthermore, our findings indicated low test-retest reliability for the T1w/T2w-ratio,
observed across all datasets. Some intensity normalisation methods substantially
improved the test-retest reliability. Importantly, the interindividual variation could be
preserved with some intensity normalisation methods, which is desirable for group
comparisons or assessing associations with other variables of interest. Surprisingly,
we found that some intensity normalisation methods worsened test-retest reliability.
This demonstrates the need to empirically assess the consequences of intensity
normalisation to ensure that spurious variation is not introduced. As we will discuss
further in the context of the second study, it is important to consider the
consequences for interpretation when using intensity normalised data.

The low test-retest reliability may reflect transmit and receive gain settings
determined during MRI acquisition. Since weighted MRI pulse sequences are
typically optimised for contrast between specific tissue types and intraindividual
disease markers, the interindividual comparability of intensities is frequently not a
priority. Despite this, it may be feasible to design weighted MRI pulse sequences that
are more appropriate for group comparisons. Another approach to ensuring
consistency across acquisitions and scanner types is data acquisition with qMRI,
which is an emerging field of research.116,117,228–230 Historically, qMRI has been
time-consuming and technically demanding, but in recent years qMRI pulse
sequences have been developed that can be acquired within clinically acceptable
time frames, and qMRI has become more suitable for clinical MRI protocols.231
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Taken together, our findings indicate that agreement with myeloarchitecture is
strongly dependent on scanner hardware and acquisition parameters but can be
improved with the use of the appropriate correction methods. Furthermore, the
test-retest reliability is overall low but can be improved with the use of some, but not
all, intensity normalisation methods. We conclude that researchers employing the
T1w/T2w-ratio should carefully assess their processing approach and be conscious
of the intrinsic limitations of the T1w/T2w-ratio as a measure of intracortical myelin
as well as in terms of its other measurement properties.

5.1.2 The T1w/T2w-ratio in schizophrenia spectrum and bipolar disorders

We did not observe any regional T1w/T2w-ratio differences between patients and
healthy controls. This was not in agreement with our hypothesis and the findings
from the previous study on the GWC, where we found significant differences in
sensory and motor regions between patients with schizophrenia spectrum and
bipolar disorders relative to healthy controls.144 While the T1w/T2w-ratio and the
GWC are different measures, they show moderate to high correlations and are both
considered to be proxy measures of intracortical myelin.232 Still, there have been few
comprehensive studies on the measurement properties of the GWC, e.g., its
dependence on MRI pulse sequence and scanner, and we cannot rule out that
issues related to the reproducibility of the GWC affected our previous results.

The absence of a main effect of diagnosis on the T1w/T2w-ratio was also in
disagreement with a previous study by Ganzetti et al,147 where they found
significantly reduced T1w/T2w-ratio in several cortical ROIs, including the temporal
and frontal lobes and the insula. In this study, they performed intensity normalisation
using intensities from masks covering the eyes and the temporal muscle.233

However, their T2w images had a low resolution (4 mm slice thickness) which
increases the risk of partial volume effects and may have affected their results.
Furthermore, they pooled data from three different sites and given the large effects of
the MRI scanner observed in the first study in this doctoral project, which may also
have contributed to their findings. Our results are partially consistent with those of
Iwatani et al,146 who also did not see any significant regional group differences in the
cerebral cortex. However, they excluded a large portion of the sensorimotor cortex
from their analysis, and their low-resolution T2w images and large smoothing kernel
used for computing the T1w/T2w-ratio could also introduce partial volume effects.

In two more recent studies, Wei et al148,149 investigated the T1w/T2w-ratio in
treatment naïve patients with first-episode schizophrenia spectrum disorders. They
tested group differences between patients and healthy controls, as well as
associations with psychotic symptoms and psychosocial functioning. They found a
pattern of both higher and lower T1w/T2w-ratio values in patients relative to healthy
controls, with higher values in the left superior gyrus and lower values in the left
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cingulate and the insula. They used a similar equivolumetric surface projection
method as we did, which is thought to correspond better to the laminar structure of
the cerebral cortex.210 Interestingly, they found that T1w/T2w-ratio values differed
between patients and healthy controls for the middle and superficial layers, whereas
the deep layer of the cortex showed no significant group differences. In our study,
89% of the patients with schizophrenia spectrum disorders were treated with
antipsychotics, and they had a mean duration of illness of 7.2 years. Furthermore,
Wei et al normalised T1w/T2w-ratio maps by demeaning and standardising the
variance. Together, these methodological and clinical differences may have
contributed to the apparent discrepancy with our findings.

Although we observed no main effect of diagnosis, we found different regional age
trajectories in patients with schizophrenia spectrum disorders compared to healthy
controls. These findings indicated less negative and more positive T1w/T2w-ratio
values with increasing age. Intriguingly, there were interactions with antipsychotic
medication use and dose. Specifically, patients currently treated with antipsychotics
had more positive age trajectories with a dose-response relationship. These findings
may be consistent with the hypothesised promyelinating effects of antipsychotic
medication that were discussed in section 1.1.6.

As mentioned in the introduction, Bartzokis and colleagues have reported
associations between treatment with atypical antipsychotics and indirect measures of
intracortical myelin.87,185 Preclinical studies have reported upregulation of cholesterol
biosynthesis following administration of psychotropic drugs, and antipsychotics have
been linked to serum lipid concentrations that are related to clinical efficacy.88,90

There is therefore prior evidence to support the notion of a promyelinating effect of
antipsychotics.

Given the cross-sectional and naturalistic study design, it was not possible to identify
causal mechanisms. To test the hypothesis that antipsychotic medication affects
intracortical myelination, measures sensitive to intracortical myelin should be
acquired longitudinally for patients with schizophrenia spectrum disorders who are
treatment naïve at baseline. Ideally, qMRI pulse sequences would be used to acquire
data that is comparable across individuals and acquisitions. Such quantitative
measures would strengthen the interpretation of any observed associations as
related to intracortical myelin.

If our findings of divergent T1w/T2w-ratio age trajectories truly reflect antipsychotic
medication treatment, such analyses could also be performed retrospectively in
longitudinal studies where T1w and T2w pulse sequences are available.
Nevertheless, the identification of neurobiologically processes specific to intracortical
myelin would remain difficult and it can be argued that putative associations between
the T1w/T2w-ratio and antipsychotic medication exposure relate to other changes,
such as alterations in oligodendrocytes or paramagnetic iron concentrations.
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5.1.3 Auditory hallucinations and DTI in schizophrenia spectrum disorders

In contrast to previous studies, we found only limited differences between patients
with current auditory hallucinations (AH+) and healthy controls. On the other hand,
we found a widespread pattern of elevated MD and RD in patients without current
auditory hallucinations (AH-) relative to healthy controls. Higher MD and RD may be
consistent with abnormal myelination, specifically lower white matter myelin content.

Unlike previous studies, we found no significant effect of auditory hallucination status
on FA. Although many previous studies on auditory hallucinations in schizophrenia
spectrum disorders have been limited by small sample sizes, there have also been
well-powered studies reporting lower FA in AH+. We included 140 patients with
schizophrenia spectrum disorders in our study, which is a similar or higher number
than those of previous studies. We therefore consider it unlikely that we were
underpowered to detect group differences in FA, and other explanations for the
discrepancy appear more likely.

We found no significant associations between DTI metrics and duration of illness,
age at onset, current antipsychotic medication use status or dose, or the five
psychotic symptom dimensions. Nevertheless, we only had information on current
antipsychotic use, and it is possible that cumulative exposure to antipsychotic
medication would be associated with changes in white matter microstructure.

To our knowledge, there are few comprehensive studies on the effects of
antipsychotic medication on white matter microstructure, and previous results have
been inconsistent.179–183 Based on the hypothesised promyelinating effect of
antipsychotic medication, one could hypothesise that exposure to antipsychotics is
associated with increased FA, as well as decreased MD and RD. On the other hand,
studies on the relationship between antipsychotic exposure and intracortical myelin
have reported a duration-dependent effect,87 and a similar relationship may exist for
white matter myelination. We encourage the use of comprehensive assessments of
antipsychotic medication and preferable longitudinal study designs when assessing
the effects of antipsychotic medication on white matter microstructure.

Another key finding was that the effects of auditory hallucination status on DTI
metrics were not limited to the LAPC. Most previous studies have focused on these
fibre tracts under the assumption that auditory hallucinations are specifically related
to the LAPC. In the meta-analysis by Geoffroy et al from 2014,234 they identified only
five DTI studies that had compared patients with schizophrenia spectrum disorders
and auditory verbal hallucinations with healthy controls. There was only sufficient
data to perform a meta-analysis for the AF, a fibre tract that connects Wernicke and
Broca's areas and plays an important role within the LAPC.162,235
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Due to the sparsity of exploratory analyses on the relationship between auditory
hallucinations and DTI metrics, it is difficult to form strong conclusions regarding the
regional specificity of previous findings. Given the strong theoretical reasons for
suspecting involvement of the LAPC,160 there may be a bias towards such findings
while incongruent findings are less often reported. To investigate this question, one
could perform a large-scale analysis including multiple sites, e.g., via the ENIGMA
consortium. This would allow for the estimation of publication bias in this literature,236

as well as provide a robust test of the replicability of our findings.

Previous studies report a substantial degree of shared variation between DTI metrics
across different white matter fibre tracts, which can be pooled to yield biologically
interpretable general factors.237–240 We found that dimensionality reduction with PCA
enhanced sensitivity to differences in AD, which were not detected at the level of
individual fibre tracts. Similarly, we found lower g-Dim2, a multimodal component
with contributions mostly from AD (60.1%) and FA (33.9%). This may indicate that
group differences in AD and FA are diffuse rather than tract-specific, which highlights
the advantage of dimensionality reduction in such settings.

We found a trend towards lower FA in patients with schizophrenia spectrum
disorders relative to healthy controls. Lower FA in this patient group is a commonly
reported finding, notably in the large-scale ENIGMA analysis of 1963 patients with
schizophrenia spectrum disorders,129 yet there is considerable heterogeneity
between studies, and methodological differences complicate comparison between
studies.241 Still, our results are mostly in line with previous results, and we consider it
likely that the lack of significant differences in FA stem from methodological issues,
such as the inclusion of a large number of fibre tracts.

For fibre tract reconstruction, we used a toolbox with robust protocols for
reproducible diffusion tractography219 and a unified processing framework based on
an optimised pipeline.213 Nevertheless, we note that given the large number of
comparisons in the tract-wise comparisons, the precise fibre tracts that were
implicated is likely to differ in a replication study. In particular, several fibre tracts
were nominally significant before correction for multiple testing, and it is likely that
different fibre tracts would be implicated depending on data quality and sample size.
For that reason, we consider the main conclusion of the findings, as they relate to
differences between AH- and healthy controls, to be one of widespread differences in
MD and RD representing a general, rather than tract-specific, effect.
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5.2 Methodological issues

5.2.1 The T1w/T2w-ratio as a measure of intracortical myelin

The T1w/T2w-ratio is a proxy measure of intracortical myelin and does not
correspond directly to intracortical myelin content. While this is also true of qMRI
measurements, such as T1 relaxation time mapping, these measures have a clearer
biophysical interpretation. Parent et al232 compared the T1w/T2w-ratio to the T1
relaxation rate, R1, as measured with the qMRI pulse sequence MP2RAGE. They
found high correlations with the T1w/T2w-ratio sampled at a depth of 50% of cortical
thickness. Similarly, Shams et al120 found overall high correlations between R1 and
the T1w/T2w-ratio. Importantly, the largest discrepancies between the two measures
were observed in regions where the B1+ field deviated the most from its nominal
value, consistent with our findings on the agreement with myeloarchitecture.

In many qMRI sequences, B1+ field inhomogeneities are adjusted for, either
implicitly within the pulse sequence or retrospectively using B1+ field maps.242 This is
especially important when using MRI systems with high magnetic field strengths.
However, such practices are not yet common practice for T1w/T2w-ratio mapping,
and therefore issues pertaining to B1+ field inhomogeneities can be more
problematic for the T1w/T2w-ratio. With a deeper appreciation of these issues and
continued methodological development, there is considerable potential for improving
the validity of the T1w/T2w-ratio as a measure of intracortical myelination.

It is also important to note that the relationship between the T1w/T2w-ratio and
myelin is better established in grey compared to white matter. For example, Uddin et
al103,121 found low correlations between the T1w/T2w-ratio and the myelin water
fraction (MWF) in white matter. That is not to say that the T1w/T2w-ratio cannot
provide useful neurobiological information in white matter, but rather that the
interpretation of T1w/T2w-ratio values as related to myelin is markedly more
questionable than it is for the cerebral cortex.

In another comparison of MWF and the T1w/T2w-ratio, Arshad et al243 reported
similar findings of low correlations. In some regions, they found higher correlations
between the T1w/T2w-ratio and a measure of T2 relaxation, the geometric mean of
the relaxation decay signal. This led them to the conjecture that the T1w/T2w-ratio
may be more sensitive to variation in axonal diameter and packing density rather
than myelin content in white matter. However, the neurobiological interpretation of
this T2 relaxation measure is also not well understood. Future studies should
continue the work to clarify the link between the T1w/T2w-ratio and microstructural
tissue properties, both in grey and white matter.
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5.2.2 DTI metrics as a measure of white matter microstructure

As with the T1w/T2w-ratio and intracortical myelin, DTI metrics are proxy measures
of white matter microstructure. There is an ongoing debate about their
neurobiological correlates. For instance, the most studied DTI metric, FA, is often
interpreted as 'white matter integrity'. However, as noted by Jones et al,244 two voxels
containing axons identical in every respect may have radically different FA due to the
presence of crossing fibre tracts (low FA) rather than parallel fibre tracts (high FA).
Importantly, such crossing fibres are present in about 60% of white matter voxels.245

Conversely, MD and RD are considered more sensitive to myelin-related alterations
than FA, as reported by several studies on cuprizone-induced demyelination in
mice.112,246,247 At the same time, such animal models are likely to be associated with
axonal damage and other tissue alterations, which makes it hard to form conclusions
regarding the specificity to changes in myelination. Such studies also report
time-dependent differences in the sensitivity of MD and RD to detect myelin-related
changes, depending on the stage of de- and remyelination. It is also notable that one
study found lower, rather than higher RD, following cuprizone-induced demyelination
challenging the interpretation of higher RD as a marker of demyelination.248

As mentioned in the introduction, DTI is computed with a relatively simple diffusion
model that has a nonspecific relationship with the tissue properties of white matter.
More sophisticated diffusion models have been proposed that may provide better
estimates of microstructural properties. Such models include DKI,126 NODDI,127 and
white matter tract integrity (WMTI)249,250 that are based on data from multishell DWI.
Although these models provide a more accurate mathematical representation of the
DWI signal than DTI, they are also subject to simplifying assumptions. Thus, their
neurobiological correlates also remain to be determined, and their relationship with
microstructure is an active field of research.251

5.2.3 Benefits and drawbacks of intensity normalisation

In the second study, we used intensity normalisation with WhiteStripe.211 This method
uses intensities in normal-appearing white matter (NAWM) to adjust T1w/T2w-ratio
values in the cerebral cortex. It was chosen due to two desirable properties, namely
it improved test-retest reliability whilst preserving interindividual variation, which is
important for between-subject comparisons. Nonetheless, it is not without its
downsides. Since it uses intensities in NAWM, it introduces a dependency between
intensities in the cerebral cortex and intensities in white matter. It is possible that
group differences in NAWM intensities can introduce or attenuate group differences
in the cerebral cortex. We can therefore not rule out the possibility that the
age-by-diagnosis interactions we found in the second study are not ultimately
caused by age-by-diagnosis interactions within NAWM intensities.
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Conversely, it is possible that intensity normalisation with WhiteStripe reduced
sensitivity to group differences in the T1w/T2w-ratio. These possibilities are
especially concerning, given previous reports of group differences in the
T1w/T2w-ratio in white matter in patients with schizophrenia spectrum disorders
relative to healthy controls.146,147,252 Since the T1w and T2w signals are relative, it is
challenging to address this shortcoming completely. As mentioned previously, qMRI
pulse sequences can be one way to ensure that voxel values in the ROI can be
directly compared between subjects without the need for intensity normalisation.

5.2.4 Comparing the T1w/T2w-ratio with known myeloarchitecture

In the first study, we compared T1w/T2w-ratio maps for each processing pipeline to
two reference T1w/T2w-ratio maps, denoted YA-BC and YA-B1+. The rationale was
that since the reference maps had been extensively validated against histological
maps of myeloarchitecture, the agreement of our T1w/T2w-ratio maps with the
reference maps would quantify agreement with myeloarchitecture. Although this was
an indirect way to quantify the agreement, we considered it a valuable addition to the
qualitative comparison with the myeloarchitectonic maps.

At the time of writing, there was, to our knowledge, no histology-based maps of
myeloarchitecture that could be readily used for such a quantitative comparison.
More recently, Foit et al253 published a myeloarchitectonic atlas based on the
histological Vogt-Vogt studies that is available for the standard fsaverage atlas. In
future studies, we recommend that researchers employ this atlas, perhaps in
addition to reference maps based on the T1w/T2w-ratio, to assess the
correspondence of their T1w/T2w-ratio maps with known myeloarchitecture.

5.2.5 Assessing auditory hallucination status

Auditory hallucinations are considered core symptoms of schizophrenia spectrum
disorders but are often insufficiently characterised in clinical studies. For example,
the PANSS-P3 item includes hallucinations in visual, olfactory, and somatic
modalities. Unlike the SAPS-H1 item, it is not specific to auditory hallucinations. As
discussed in section 1.1.3, most individuals with psychotic disorders who report
hallucinations in these modalities also report auditory hallucinations. Notably, Lim et
al28 assessed hallucinations in multiple modalities and found that 17.9% out of a total
of 285 patients reported non-auditory hallucinations only within a month of clinical
assessment. For lifetime hallucination measures, the proportion was 14.8% out of
603 patients. As such, the number of individuals reporting only non-auditory
hallucinations is non-negligible, and the limited specificity of the PANSS-P3 item to
auditory hallucinations must be acknowledged as a limitation.
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In the HUBIN dataset, we assessed the co-occurrence of current auditory
hallucinations and current hallucinations in other modalities. We found that 96.1% of
the patients, i.e., all patients except one, with somatic, olfactory or visual
hallucinations (i.e., a score above 1 on SAPS items H4, H5, and H6) also belonged
to the AH+ group (i.e., a score above 2 on SAPS item H1). However, patients in the
HUBIN dataset had a long duration of illness compared to those of the TOP study
and it is unclear if this can be generalised to less chronic patient groups. It would be
beneficial to include more comprehensive assessments of auditory hallucinations in
future studies, especially since auditory hallucinations in psychotic disorders may be
phenomenologically distinct from those in other groups.

5.2.6 Diffusion tractography and DTI analysis framework

The discrepant results that we saw in the third study may be explained in part by
methodological differences. Notably, most previous studies on auditory hallucinations
and DTI metrics have used tract-based spatial statistics (TBSS), whereas we used
diffusion tractography implemented in the XTRACT toolbox. In TBSS,254 FA images
are mapped to a standard space using a nonlinear transformation. For each subject,
the local maximum FA value along a skeleton in the standard space is then located
and projected onto a common skeleton. The same is done for the other DTI metrics,
MD, RD, and AD, where the projection is the same as for FA. The skeleton is then
used either for voxel-wise comparisons between subjects or for extracting DTI
metrics in predefined ROIs. As such, only a small region within each fibre tract is
sampled in TBSS, in contrast to the approach we used, which was to extract the
median of the DTI metrics within the entire fibre tract. Future studies are needed to
assess the agreement between TBSS and XTRACT and to what extent these
methods can lead to discrepant results.
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6. Conclusions

In this doctoral project, we employed a two-step strategy for testing the
dysmyelination hypothesis of psychosis. First, we performed a methodological
appraisal of the T1w/T2w-ratio as a measure of intracortical myelin. Second, we
performed clinical investigations of intracortical myelin using the T1w/T2w-ratio and
DTI metrics for white matter myelination.

The methodological appraisal identified important limitations of the T1w/T2w-ratio as
a measure of intracortical myelin. These limitations were partially mitigated with the
appropriate processing methods. We found no evidence of intracortical myelin
deficits in patients with schizophrenia spectrum and bipolar disorders. The observed
divergent age trajectories may be consistent with promyelinating effects of
antipsychotic medication. Furthermore, these effects may mask myelin deficits in
these disorders. Current auditory hallucinations were not linked to white matter
microstructure, but widespread differences were observed in patients without current
auditory hallucinations compared to healthy controls. This suggests a more complex
relationship between auditory hallucinations and white matter microstructure than
previously thought. Future investigations would benefit from a comprehensive
assessment of auditory hallucinations and a temporally sensitive approach.

Together the results from the three studies emphasised the need to be conscious of
the merits and demerits of the measurements used for in vivo myelin imaging and
how they affect the interpretations drawn from the data. Importantly, our results
aligned with a growing body of evidence from multiple levels of observation
indicating promyelinating effects of antipsychotic medication. Further studies
employing rigorously tested and validated techniques for in vivo myelin imaging
should be conducted to rigorously test the dysmyelination hypothesis. If a link
between cerebral myelination and antipsychotic medication is established, this may
represent a significant step forward in our understanding of how these medications
achieve their therapeutic effect and could present promising targets for developing
new medical treatments.
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8. Corrections

The word "not" was added to line 6 on page 16 so that the sentence now reads "...
but not between bipolar disorders and …".
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a b s t r a c t 

Background: The ratio of T1-weighted (T1w) and T2-weighted (T2w) magnetic resonance imaging (MRI) images 
is often used as a proxy measure of cortical myelin. However, the T1w/T2w-ratio is based on signal intensities 
that are inherently non-quantitative and known to be affected by extrinsic factors. To account for this a variety 
of processing methods have been proposed, but a systematic evaluation of their efficacy is lacking. Given the 
dependence of the T1w/T2w-ratio on scanner hardware and T1w and T2w protocols, it is important to ensure 
that processing pipelines perform well also across different sites. 
Methods: We assessed a variety of processing methods for computing cortical T1w/T2w-ratio maps, including cor- 
rection methods for nonlinear field inhomogeneities, local outliers, and partial volume effects as well as intensity 
normalisation. These were implemented in 33 processing pipelines which were applied to four test-retest datasets, 
with a total of 170 pairs of T1w and T2w images acquired on four different MRI scanners. We assessed processing 
pipelines across datasets in terms of their reproducibility of expected regional distributions of cortical myelin, 
lateral intensity biases, and test-retest reliability regionally and across the cortex. Regional distributions were 
compared both qualitatively with histology and quantitatively with two reference datasets, YA-BC and YA-B1 + , 
from the Human Connectome Project. 
Results: Reproducibility of raw T1w/T2w-ratio distributions was overall high with the exception of one dataset. 
For this dataset, Spearman rank correlations increased from 0.27 to 0.70 after N3 bias correction relative to the 
YA-BC reference and from -0.04 to 0.66 after N4ITK bias correction relative to the YA-B1 + reference. Partial 
volume and outlier corrections had only marginal effects on the reproducibility of T1w/T2w-ratio maps and test- 
retest reliability. Before intensity normalisation, we found large coefficients of variation (CVs) and low intraclass 
correlation coefficients (ICCs), with total whole-cortex CV of 10.13% and whole-cortex ICC of 0.58 for the raw 

T1w/T2w-ratio. Intensity normalisation with WhiteStripe, RAVEL, and Z-Score improved total whole-cortex CVs 
to 5.91%, 5.68%, and 5.19% respectively, whereas Z-Score and Least Squares improved whole-cortex ICCs to 
0.96 and 0.97 respectively. 
Conclusions: In the presence of large intensity nonuniformities, bias field correction is necessary to achieve ac- 
ceptable correspondence with known distributions of cortical myelin, but it can be detrimental in datasets with 
less intensity inhomogeneity. Intensity normalisation can improve test-retest reliability and inter-subject compa- 
rability. However, both bias field correction and intensity normalisation methods vary greatly in their efficacy 
and may affect the interpretation of results. The choice of T1w/T2w-ratio processing method must therefore be 
informed by both scanner and acquisition protocol as well as the given study objective. Our results highlight 
limitations of the T1w/T2w-ratio, but also suggest concrete ways to enhance its usefulness in future studies. 
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1. Introduction 

Recently, the study of the myelin content of the cerebral cortex has 
undergone a revival, driven by advances in magnetic resonance imag- 
ing (MRI) techniques, a heightened appreciation of the importance of 
cortical myelin for brain function, and its relevance to a variety of brain 
disorders. Quantitative relaxometry methods such as R1 (1/T1) and R2 ∗ 

(1/T2 ∗ ) mapping are considered particularly well-suited for in vivo cor- 
tical myelin mapping but are not yet commonly used in clinical stud- 
ies ( Edwards et al., 2018 ; Uddin et al., 2019 ). The ratio of T1-weighted 
(T1w) and T2-weighted (T2w) MRI images has been proposed as a proxy 
measure of cortical myelin, with the advantage of only requiring conven- 
tional MRI sequences. This use of the T1w/T2w-ratio is based on several 
observations regarding the MRI signal in the cerebral cortex. First, the 
T1w and T2w image contrast between grey and white matter is mainly 
determined by myelin ( Koenig, 1991 ; Koenig et al., 1990 ). Second, the 
T1 signal can be used to identify and delineate myeloarchitectonic re- 
gions in the cerebral cortex ( Clark et al., 1992 ; Eickhoff et al., 2004 ; 
Walters et al., 2003 ). Third, the T2 signal is roughly anticorrelated with 
myelin, and finally shared field inhomogeneities in the T1w and T2w 

images are reduced by taking the ratio ( Glasser and Van Essen, 2011 ). 
In the cerebral cortex, high correlations between R1, a quantitative mea- 
sure associated with myelin content, and the T1w/T2w-ratio have been 
reported ( Shams et al., 2019 ), but the microstructural correlates of the 
T1w/T2w-ratio in white matter are less clear ( Uddin et al., 2018 ). 

The use of the T1w/T2w-ratio in neuroimaging research can be 
placed within three broad categories. First, its regional intra-subject 

distribution has been used to characterise the myeloarchitecture of 
the cortex, utilising its close spatial correspondence with histological 
measures of cortical myelin content ( Glasser and Van Essen, 2011 ; 
Nieuwenhuys and Broere, 2017 ). For example, the T1w/T2w-ratio is one 
of the two main structural measures underlying the multi-modal parcel- 
lation of the cerebral cortex in Glasser et al. (2016) and its relationship 
with gradients of cyto- and myeloarchitecture, regional gene expres- 
sion, and synaptic density are topics of ongoing research ( Valk et al., 
2020 ; Wang, 2020 ). Secondly, the T1w/T2w-ratio is used to charac- 
terise inter-subject differences in cortical myelin content. In healthy in- 
dividuals, it has been used for brain age prediction ( Rokicki et al., 
2020 ), to characterise cross-sectional age trajectories of cortical myeli- 
nation ( Grydeland et al., 2019 ), and to study the relationship between 
cortical myelin and cognitive performance ( Grydeland et al., 2013 ; 
Norbom et al., 2020 ; Tzourio-Mazoyer et al., 2019 ). It has also been 
studied in clinical conditions with known or hypothesised disturbance 
of cortical myelin where T1w and T2w images, but not more direct mea- 
sures of myelin, are commonly acquired. Such conditions include multi- 
ple sclerosis ( Nakamura et al., 2017 ; Preziosa et al., 2021 ; Righart et al., 
2017 ), Huntington’s disease ( Rowley et al., 2018 ), Alzheimer’s disease 
( Pelkmans et al., 2019 ), schizophrenia ( Iwatani et al., 2015 ) and bipo- 
lar disorders ( Ishida et al., 2017 ). Finally, the T1w/T2w-ratio has been 
used in whole-brain analyses ( Ganzetti et al., 2014 ), for example to en- 
hance contrast for brain tissue segmentation ( Misaki et al., 2015 ) and 
to investigate tissue alterations in multiple sclerosis ( Beer et al., 2016 ; 
Cooper et al., 2019 ). 

The T1w/T2w-ratio is not, however, a direct measurement of cortical 
myelin as it is based on intensities expressed in arbitrary units influenced 
by non-biological variation ( Fortin et al., 2016 ; Shinohara et al., 2014 ). 
Residual field inhomogeneities, head placement within the receive coil, 
image intensity scaling factors, and pulse sequence-specific acquisition 
parameters are factors that can affect the ratio. Receive coil (B1-) in- 
homogeneities are routinely corrected for during image acquisition us- 
ing methods such as Phased array Uniformity Enhancement (PURE) on 
GE systems, Constant Level AppeaRance (CLEAR) on Philips systems, 
and Prescan Normalize on Siemens systems. In principle, computing the 
T1w/T2w-ratio should cancel residual intensity inhomogeneity shared 
between the T1w and T2w images while enhancing contrast related to 
myelin content ( Glasser and Van Essen, 2011 ). However, other sources 

of intensity inhomogeneity, notably bias in the transmit field (B1 + ), 
may manifest differently in T1w and T2w images and will therefore not 
be cancelled in the ratio. It is often assumed that B1 + inhomogeneity 
profiles are similar across the T1w and T2w images, but this does not 
hold in general ( Glasser and Van Essen, 2011 ; Sereno et al., 2013 ). It 
may therefore be necessary to perform post-hoc bias field correction to 
minimise residual field inhomogeneities. While dedicated sequences for 
estimating the B1 + bias field exist, the standard approaches are post-hoc 
image filters such as the nonparametric nonuniform intensity normaliza- 
tion (N3) algorithm ( de Boor, 1972 ) and its more recent variant N4ITK 

( Tustison et al., 2010 ). 
Since the T1w/T2w-ratio is formed from two separate image acqui- 

sitions, head movement between each pulse sequence may affect the 
results. Images must therefore be spatially aligned before the ratio is cal- 
culated, usually by rigid transformation of the T2w image to the T1w 

image ( Glasser et al., 2013 ; Glasser and Van Essen, 2011 ). This step 
requires robust registration methods and considerable developmental 
efforts have been directed towards that goal ( Greve and Fischl, 2009 ). 
However, head movement or poor image coregistration may still cause 
spurious T1w/T2w-ratio values in isolated voxels. Likewise, the sam- 
pling of voxels along reconstructed surfaces is sensitive to errors in the 
surface placement and this may similarly lead to spurious T1w/T2w- 
ratio values in isolated surface vertices. For these reasons, outlier cor- 
rection methods both on the voxel and vertex level have previously been 
recommended ( Glasser and Van Essen, 2011 ). 

A further limitation is the resolution of the T1w and T2w images, 
typically 1 mm isotropic in clinical studies. Low resolution can lead to 
greater partial volume effects, whereby intensities within grey matter 
are contaminated by intensities in cerebrospinal fluid or white matter. 
To address this issue, Shafee et al. (2015) developed a method for per- 
forming partial volume correction (PVC) and found regionally depen- 
dent differences between the PVC corrected and uncorrected T1w/T2w- 
ratio maps, where greater differences were seen in sulci compared to 
gyri. Depending on the specific application of the T1w/T2w-ratio some 
of these technical limitations may be more important than others. For ex- 
ample, in vivo parcellation of myeloarchitecture requires reproducible 
regional distributions of T1w/T2w-values, particularly in boundary re- 
gions ( Glasser and Van Essen, 2011 ). In this context, it is less important 
that T1w/T2w-ratio values are directly comparable across subjects. In 
contrast, the precision of measurements is vital to studies performing 
inter-subject comparisons or investigating associations with biological 
variables. This is commonly estimated by examining test-retest relia- 
bility. A variety of intensity normalisation methods have been proposed 
to improve the inter-subject comparability of the intensities of T1w and 
T2w images ( Ghassemi et al., 2015 ; Nyúl and Udupa, 1999 ; Shah et al., 
2011 ; Shinohara et al., 2014 ). These methods can be used to correct the 
T1w/T2w-ratio by applying them to the T1w and T2w images separately 
before taking the ratio. 

In the present study, we implemented several previously proposed 
methods for computing the T1w/T2w-ratio, including bias field cor- 
rection and intensity normalisation of the T1w and T2w images prior 
to taking the ratio, and applied these to four test-retest datasets ac- 
quired on four different scanners. These processing pipelines included 
corrections for field inhomogeneity, partial volume effects and sur- 
face outliers, as well as intensity normalisation methods which aim 

to improve inter-subject comparability of image intensities. We eval- 
uated each pipeline based on two distinct set of criteria. First, cor- 
respondence with myelin staining studies is important when using 
the T1w/T2w-ratio to perform myeloarchitectonic parcellation and de- 
pends on good intra-subject reproducibility of regional distributions. We 
therefore assessed the correspondence of T1w/T2w-ratio maps quali- 
tatively with cortical myelin maps from histological staining studies 
( Nieuwenhuys and Broere, 2017 ) and quantitatively using rank corre- 
lations with in vivo data from Glasser et al. (2016) and from a recent 
preprint from Glasser et al. (2021) . Laterality indices (LIs) were used as a 
proxy for spatially dependent field bias which may lead to hemispheric 
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Table 1 

T1w and T2w sequences and parameters for each dataset. 

T1w sequence T2w sequence 

Dataset NOR-MR750 NOR-Premier DONDERS HCP NOR-MR750 NOR-Premier DONDERS HCP 

Vendor General Electric General Electric Siemens Siemens General Electric General Electric Siemens Siemens 
Scanner Discovery MR750 SIGNA Premier Magnetom Prisma Connectom Skyra Discovery MR750 SIGNA Premier Magnetom Prisma Connectom Skyra 

Head coil 32-channel 48-channel 32-channel 32-channel 32-channel 48-channel 32-channel 32-channel 
Sequence BRAVO MPRAGE MPRAGE MPRAGE CUBE CUBE SPACE SPACE 
Resolution 1 mm iso 0.8 mm iso 0.8 mm iso 0.7 mm iso 1 mm iso 0.8 mm iso 0.8 mm iso 0.7 mm iso 
TA (mm:ss) 04:43 06:22 06:02 07:40 04:23 05:21 06:19 08:24 

TR (ms) 8.16 2356 2200 2400 2500 3202 3200 3200 
TE (ms) 3.18 3.13 2.64 2.14 71.68 90.6 569 565 
TI (ms) 450 950 1100 1000 – – – –

FA (deg) 12 8 11 8 90 Variable Variable Variable 
BW (Hz/px) 244 238 170 210 488 555 579 744 

iPAT 2 2 3 2 2 × 2 2 × 2 3 2 
B1- calibration PURE PURE Prescan Normalise No PURE PURE Prescan Normalise No 

intensity biases. Second, acceptable test-retest reliability is important 
when using the T1w/T2w-ratio for inter-subject comparisons. We there- 
fore evaluated the test-retest reliability of the T1w/T2w-ratio via coef- 
ficients of variation (CVs) and intraclass correlation coefficients (ICCs). 
This gives an estimate of the precision which is an important constraint 
on the detectible effects when using the measure ( Matheson, 2019 ). 

2. Materials and methods 

2.1. Participants 

Participants were included from four test-retest datasets acquired on 
two 3T GE scanners (GE Medical Systems, Milwaukee, USA) and two 3T 

Siemens scanners (Siemens, Erlangen, Germany). There was an overlap 
of eight participants for the NOR-MR750 and NOR-Premier datasets. For 
these participants, the scan-rescan interval between the first session on 
in the NOR-MR750 and the first session on the NOR-Premier dataset 
ranged from 9.8 to 10 months. Scanner model, sequence types and ac- 
quisition parameters for each dataset is given in Table 1 . 

2.1.1. Dataset 1 - The Norwegian centre for mental disorders research - 

general electric discovery MR750 (NOR-MR750) 

This dataset was collected as part of a reliability study conducted at 
the Norwegian Centre for Mental Disorders Research (NORMENT). Nine 
healthy participants (mean age = 35.76 years; range = [26.31–59.70]; 
55% male) were recruited internally and scanned on a 3T GE Discovery 
MR750 equipped with a 32-channel receive coil in two sessions with a 
two-week interval between sessions. This interval was included to ac- 
count for the influence of intra-subject variability related to day-to-day 
variation. Each participant was scanned at the same time of day across 
sessions. In each session two pairs of T1w and T2w MRI images were 
acquired, with repositioning between each pair, resulting in four T1w 

and four T2w images for each participant per session. 

2.1.2. Dataset 2 - The Norwegian centre for mental disorders research - 

general electric signa premier (NOR-Premier) 

This dataset was acquired as a continuation of the NOR-MR750 
test-retest dataset after a major scanner upgrade to 3T GE SIGNA Pre- 
mier equipped with a 48-channel head coil on the same magnet. The 
dataset consisted of nine healthy participants (mean age = 35.80 years; 
range = [25.24–60.52]; 55% male) of which eight participants over- 
lapped with the NOR-MR750 dataset. As with the NOR-MR750 dataset, 
a pair of test-retest acquisitions were made in two separate sessions with 
a two week interval between sessions. The interval between the first ses- 
sion of the NOR-MR750 dataset and the first session of the NOR-Premier 
dataset was 9.6 months on average. 

2.1.3. Dataset 3 - the Donders centre for cognitive neuroimaging - siemens 

magnetom prisma (Donders) 

Seventeen healthy participants (mean age = 24.7 ± 2.8 years) 
were enroled in a test-retest study at the Donders Centre for Cog- 
nitive Neuroimaging, Radboud University, Nijmegen, Netherlands 
( https://www.ru.nl/donders/ ). Participants were scanned on a 3T 

Siemens Magnetom Prisma equipped with a 32-channel head coil. Each 
participant was scanned twice with repositioning between each pair of 
T1w and T2w acquisitions and randomised head fixation either with 
cushions only or cushions and a chin-rest. 

2.1.4. Dataset 4 - human connectome project - siemens connectom Skyra - 

(HCP) 

A subset of 34 participants (mean age = 30.70 years; range = [22–
35]; 29% male) with a scan-rescan interval of less than six months 
(mean = 3.85 months; range = [2–5]) were selected from test-retest ac- 
quisitions included as part of the 1200 Subjects release (S1200 Release, 
February 2017) by the WU-Minn Human Connectome Project (HCP) 
( Van Essen et al., 2013 ). Participants were recruited as part of the HCP 
Young Adult study and were scanned twice on a customised 3T Siemens 
Connectom Skyra scanner using a standard 32-channel receive head coil. 

2.1.5. Ethics statement 

The study was carried out in accordance with the Helsinki Declara- 
tion. Participants provided written informed consent at each site and 
agreed to participation in scientific studies. Each site had ethical ap- 
proval from their local ethics committees. Data was handled according 
to guidelines set forth by the Norwegian Data Protection Authority in 
compliance with GDPR regulations. 

2.2. MRI preprocessing 

All scans were processed in FreeSurfer (version 7.1.0; 
https://surfer.nmr.mgh.harvard.edu/ ) with both T1w and T2w images 
used as input and the -T2pial flag enabled. Briefly, FreeSurfer segments 
cortical and subcortical tissue compartments, and creates surface 
meshes representing the boundaries between grey and white matter 
(WM) and grey matter (GM) and non-brain. For more details on the 
FreeSurfer processing steps see Fischl (2012). For the HCP dataset, the 
PreFreeSurfer pipeline had already been used to create an undistorted 
structural image for the subject in native space, perform the initial 
brain extraction, coregister T1w and T2w images, perform bias field 
correction using the square of the T1w and T2w images, and transform 

the data to MNI space. The PreFreeSurfer pipeline was applied to the 
HCP dataset for all pipelines due to technical considerations particular 
to this dataset, including the application of gradient nonlinearity 
distortion in images acquired with oblique slices relative to the scanner 
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coordinate system and the lack of on-scanner B1- correction, following 
the recommendations in Glasser et al. (2013) . All images and surface 
reconstructions were quality controlled by trained research assistants 
and manual editing was performed following standard FreeSurfer 
guidelines in the event of surface reconstruction errors. A total number 
of 170 T1w/T2w pairs were processed, composed of nine participants 
in the NOR-MR750 dataset and nine participants in the NOR-Premier 
dataset each scanned four times (scan-rescan in two sessions), 15 
participants in the Donders dataset (after three participants were 
excluded) and 34 participants in the HCP dataset each scanned twice 
(scan-rescan on the same day and across two sessions respectively). 

For the HCP Minimal Processing Pipeline (HCP-MPP), FreeSurfer 
v6.0.0 and the PreFreeSurfer, FreeSurfer and PostFreeSurfer pipelines 
were used. The Connectome Workbench was used to map each myelin 
map computed with these pipelines, as well as the previously published 
HCP Multi-Modal Parcellation (HCP-MMP; Glasser et al., 2016 ) scheme, 
from the FS_LR surface to the standard FreeSurfer fsaverage surfaces 
as described on the HCP Wiki ( https://wiki.humanconnectome.org/ 
download/attachments/63078513/Resampling-FreeSurfer-HCP.pdf ). 

For all pipelines, T2w images were rigidly coregistered to T1w im- 
ages using bbregister in FreeSurfer with FSL initialisation ( Greve and 
Fischl, 2009 ). The resolution of the datasets included 0.7 mm for the 
HCP dataset, 0.8 mm for the Donders and NOR-Premier dataset, and 
1 mm isotropic voxel resolutions for the NOR-MR750 dataset. In or- 
der to facilitate the comparison between the different datasets, and to 
ensure that the results would be generalisable to the more commonly 
used 1 mm isotropic voxel resolution in clinical settings, we conformed 
all images to 1 mm prior to FreeSurfer and T1w/T2w-ratio processing. 
Follow-up analyses were conducted to assess the effect of downsam- 
pling ( Section 2.4.8 ). Throughout, fslmaths and fslstats from FSL (v6.0.4; 
https://fsl.fmrib.ox.ac.uk/fsl/ ) were used for image operations and pre- 
processing was done on the TSD (Service for Sensitive Data) computing 
cluster at the University of Oslo. 

2.3. Calculation of T1w/T2w-ratio maps 

We first implemented corrections for partial voluming, surface out- 
liers and bias field in nine different pipelines using local and non-linear 
correction methods for computing the T1w/T2w-ratio. Here, the goal 
was to assess pipelines on their ability to reproduce the expected re- 
gional distributions of the intra-subject T1w/T2w-ratio. These process- 
ing pipelines included the raw ratio (T1w/T2w Raw 

), N3 or N4ITK bias 
field correction only (T1w/T2w N3 & T1w/T2w N4 ), partial volume cor- 
rection only (T1w/T2w PVC ), surface outlier only (T1w/T2w OC ), N3 or 
N4ITK bias field correction with partial volume and outlier correction 
(T1w/T2w N3-All & T1w/T2w N4-All ), and finally the HCP Minimal Pro- 
cessing Pipeline with (T1w/T2w HCP-BC ) and without (T1w/T2w HCP-Raw 

) 
template-based bias correction ( Section 2.3.6 ). We qualitatively assessed 
the correspondence of T1w/T2w-ratio maps with histological myelin 
maps ( Section 2.4.2 ) and computed Spearman rank correlations with 
the YA-BC and the YA-B1 + reference datasets ( Sections 2.3.7 and 2.4.3 ), 
and used the Laterality Index ( Section 2.4.6 ) as a measure of the removal 
of lateral intensity bias. 

Secondly, in order to assess and improve the test-retest reliability 
of the T1w/T2w-ratio, i.e. the consistency between repeated measure- 
ments, we evaluated T1w/T2w-ratio maps after applying eight different 
intensity normalisation methods ( Section 2.3.5 ). These intensity normal- 
isation methods were applied to the T1w/T2w Raw, T1w/T2w N3-All , and 
the T1w/T2w N4-All pipelines. The main outcomes of interest here were 
coefficients of variation ( Section 2.4.4 and 2.4.7 ), a standardised mea- 
sure of dispersion, and intraclass correlation coefficients ( Section 2.4.5 
and 2.4.7 ) as a measure of the agreement between groups of measure- 
ments. It was assumed that true intra-subject scan-rescan differences 
are small, and smaller for scan-rescan pairs closer in time, relative to 
inter-subject variation which is ideally still present after intensity nor- 
malisation. In total, we evaluated 9 + 8 × 3 = 33 separate pipelines. An 

overview of the processing pipelines implemented in this study is shown 
in Fig. 1 . 

2.3.1. Surface projection 

For all processing methods, T1w/T2w-ratio intensities in grey mat- 
ter were sampled along equivolumetric surfaces at distances of 10% 

to 80% of cortical thickness from the white-grey surface created with 
the Surface Tools toolbox ( https://github.com/kwagstyl/surface _ tools ). 
This toolbox reconstructs intermediary surfaces with improved corre- 
spondence with cortical laminae compared to standard sampling meth- 
ods ( Waehnert et al., 2014 ). The values of vertices in the medial wall 
were set to zero for all figures and analyses. 

2.3.2. Bias field correction 

For bias field correction, we used both N3 bias correction ( Sled et al., 
1998 ) and the more recent N4ITK algorithm ( Tustison et al., 2010 ). 
Both bias field correction methods were used with a shrink factor of 1 
and masked with the whole-brain segmentation created in the standard 
FreeSurfer pipeline. 

2.3.3. Partial volume correction 

Partial volume correction was performed as described in Shafee 
(2015) using the implementation included in FreeSurfer. This method 
first calculates the proportion of voxels in an upsampled MR image 
falling within the cortical ribbon, i.e. between the reconstructed pial 
and white-grey surfaces, and then inverts systems of linear equations to 
recover the “true ” intensity values adjusted for partial volume effects. 

2.3.4. Surface outlier correction 

Surface-based outlier correction was performed as in Glasser et al. 
(2011). This algorithm calculates, for each vertex, the mean and stan- 
dard deviation (SD) of normal-appearing vertex values (only values 
within 3 SDs of the total mean T1w/T2w-ratio) in a neighbourhood of 
10 steps along the surface and replaces values, in vertices exceeding this 
mean by more than 2 SDs, with a Gaussian-weighted mean of its neigh- 
bours. The algorithm was implemented in MATLAB (The Mathworks, 
Inc., Massachusetts, USA) using the geodesic toolbox ( Wang, 2021 ) for 
computing distances between vertices. 

2.3.5. Intensity normalisation 

To assess the effect of intensity normalisation, we applied eight 
different normalisation methods to T1w/T2w-ratio maps from the 
T1w/T2w Raw 

, T1w/T2w N3-All , and T1w/T2w N4-All processing meth- 
ods which were compared to the unnormalised T1w/T2w Raw 

, and 
T1w/T2w HCP-Raw 

processing methods. All intensity normalisation meth- 
ods were based on the implementations in the Intensity Normaliza- 
tion toolbox ( https://github.com/jcreinhold/intensity-normalization ; 
Reinhold et al., 2019 ) with more detailed documentation available 
here: https://intensity-normalization.readthedocs.io/ . Intensity normal- 
isation was performed on T1w and T2w images separately. 

The eight normalisation methods used in this study were: 1) Z-score 
(ZS), which subtracts the mean intensity of the skull-stripped image and 
divides by the standard deviation of the same region, 2) Fuzzy C-Means 
(FCM; Chen and Giger, 2004 ), which determines a three-class segmenta- 
tion using fuzzy C-means clustering, and then normalises the image to a 
standard value using the mean of a specified tissue class, in our case GM, 
3) Gaussian Mixture Model (GMM), which fits a gaussian mixture to the
skull-stripped image and translates the WM mean to a standard value, 4)
Kernel Density Estimation (KDE), which uses kernel density estimation
to find the peak of WM intensities and translates this peak to a standard
value, 5) Nyúl and Udupa (N&U; Nyúl and Udupa, 1999 ), which uses
piecewise linear histogram matching to estimate a transformation that
standardises the histograms of a population of images, 6) WhiteStripe
(WS; Shinohara et al., 2014 ), which identifies normal-appearing WM
voxels, subtracts the mean of this region from the image and finally
divides the image by its standard deviation, 7) Removal of Artificial

4

https://wiki.humanconnectome.org/download/attachments/63078513/Resampling-FreeSurfer-HCP.pdf
https://fsl.fmrib.ox.ac.uk/fsl/
https://github.com/kwagstyl/surface_tools
https://github.com/jcreinhold/intensity-normalization
https://intensity-normalization.readthedocs.io/


S. Nerland, K.N. Jørgensen, W. Nordhøy et al. NeuroImage 245 (2021) 118709 

Fig. 1. Overview of the processing methods 
implemented in this study. Each box and colour 
on the left corresponds to a step in the pipeline. 
Collections of boxes on the right correspond 
to a pipeline. On the top are the pipelines 
T1w/T2w Raw , T1w/T2w PVC , T1w/T2w OC , 
T1w/T2w N3 , T1w/T2w N4 , T1w/T2w N3-All and 
T1w/T2w N4-All which were primarily assessed 
on their ability to reproduce the expected 
T1w/T2w-ratio distributions. On the bottom 

are the pipelines T1w/T2w Raw , T1w/T2w N3-All , 
and T1w/T2w N4-All with each intensity nor- 
malisation method. T1w/T2w HCP-Raw and 
T1w/T2w HCP-BC were computed in the separate 
HCP Minimal Processing Pipeline and are not 
depicted. 

Voxel Effect by Linear regression (RAVEL; Fortin et al., 2016 ), which 
first uses WhiteStripe and then estimates the unwanted non-biological 
variation from a control region which is then regressed out for each 
voxel in the image, and finally 8) Least Squares (LSQ), which minimises 
the squared distance between CSF, GM and WM for a population of im- 
ages. Of these intensity normalisation methods, N&U, RAVEL, and LSQ 

are population-based methods that are applied to a set of images, while 
the other methods are used on each image separately. 

2.3.6. HCP-MPP T1w/T2w-ratio maps 

The T1w/T2w-ratio maps of the HCP-MPP are calculated in the 
PostFreeSurfer pipeline. Briefly, in this pipeline T1w/T2w-ratio val- 
ues are projected to a midthickness surface as described in Glasser & 

Van Essen (2011) and individual surfaces are mapped to the population- 
average Conte69 surface. The vertex-wise difference between individual 
T1w/T2w HCP-Raw 

maps and the average Conte69 map is then smoothed 
with a large kernel and subtracted from the T1w/T2w HCP-Raw 

maps to 
create the T1w/T2w HCP-BC maps. The goal of this procedure is to re- 
place spurious low frequency variation in individual maps with val- 

ues from the more robust group map. The resulting T1w/T2w HCP-BC 
maps therefore closely match the Conte69 average, having undergone 
both a template-based bias field correction as well as a nonlinear inten- 
sity normalisation. This is in contrast to the linear intensity normalisa- 
tion methods described in Section 2.3.5 and results in a regional shift 
towards the Conte69 template precluding direct inter-subject compar- 
isons of T1w/T2w-ratio values. See Glasser & Van Essen (2011) and 
Glasser et al. (2013) for more details. 

2.3.7. Reference T1w/T2w-ratio datasets 

As reference T1w/T2w-ratio datasets, we used two publicly avail- 
able T1w/T2w-ratio datasets from the HCP Young Adult (HCP-YA) 
project acquired using the HCP MRI protocol ( U ğurbil et al., 2013 ; 
Van Essen et al., 2013 ). The first reference dataset, YA-BC, consists 
of T1w/T2w-ratio maps from 210 participants (aged 22–35 years) 
and is available through the HCP-500 data release. These maps were 
computed using the T1w/T2w HCP-BC pipeline and were used, together 
with thickness and fMRI, in the creation of the HCP-MMP parcel- 
lation in Glasser et al. (2016) . The dataset is available online at: 
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https://balsa.wustl.edu/WDpX . The second reference dataset, YA-B1 + , 
consists of T1w/T2w-ratio maps from 1042 participants (aged 22–35 
years) and is available through the HCP-1200 data release. These maps 
were computed with the T1w/T2w HCP-Raw 

pipeline with the addition of 
a new correction procedure, where a separate actual flip angle (AFI) 
sequence was used to adjust the T1w/T2w-ratio maps for residual 
B1 + field effects instead of the template-adjustment method used in 
the T1w/T2w HCP-BC . For details on this procedure see the preprint by 
Glasser et al. (2021) . 

For both reference datasets, mean T1w/T2w-ratio values for each 
region of interest (ROI) in the HCP-MMP were extracted directly from 

the native FS_LR surface using the Connectome Workbench. For the YA- 
B1 + dataset, we extracted data corresponding to the group correction 
method described in the recent preprint by Glasser et al. (2021) . This 
dataset is available at: https://balsa.wustl.edu/study/show/mDBP0 . 

2.4. Data analysis 

Analyses aimed to answer two main questions: 1) What is the re- 
producibility of regional T1w/T2w-ratio distributions compared to the 
expected distribution from the literature on cortical myelin and can local 
and nonlinear correction factors improve it? 2) What is the test-retest re- 
liability of the T1w/T2w-ratio and can intensity normalisation methods 
be used to improve it? 

2.4.1. Data quality control 

All images were visually inspected prior to analysis to ensure accept- 
able image quality without large image artefacts such as severe ringing 
due to movement, misregistration between the T1w and T2w images, or 
inconsistencies in image intensity scale or acquisition parameters. This 
resulted in the exclusion of the three first subjects in the Donders dataset 
due to one missing T2w image, one image with ringing artefacts, and 
one image with an intensity range suggestive of acquisition or recon- 
struction differences compared to the other images. No other data was 
excluded. 

2.4.2. Qualitative assessment of cortical maps 

To qualitatively assess the regional correspondence with known cor- 
tical myelin distributions, we created mean T1w/T2w-ratio maps for 
each of the non-intensity normalised processing methods. The corre- 
spondence of these mean maps was assessed visually against cortical 
myelin maps based on histological staining studies, which we consid- 
ered to be the gold standard. These maps are based on extensive work 
spanning the period from 1910 to 1970, later composed to form a map of 
the human cortex ( Nieuwenhuys and Broere, 2017 ). We also compared 
the mean T1w/T2w-ratio maps to previously published T1w/T2w-ratio 
maps of the YA-BC dataset ( Glasser et al., 2016 ) and of the YA-B1 + 

where a new adjustment method to account for B1 + field effects has 
been applied as described in the recent preprint by Glasser et al. (2021) . 
Based on this literature, we located regions known to exhibit high, inter- 
mediate, or low cortical myelination. We then assessed the T1w/T2w- 
ratio maps and reported where the maps diverged from expectations. 
Briefly, we expected high T1w/T2w-ratio values in primary sensory and 
motor regions as well as early association cortices, and lower T1w/T2w- 
ratio values in higher association cortices and in frontal regions. 

The regions that were expected to exhibit high levels of cortical 
myelin were: 1) the motor-somatosensory strip in the central sulcus on 
the lateral side and extending into the medial ‘notch’ in the paracen- 
tral lobule, 2) the visual cortex in the occipital lobe extending into the 
temporal and parietal lobes, and 3) early auditory areas in the Sylvian 
fissure and the upper segment of the temporal lobe. Regions where we 
expected intermediate cortical myelin levels were: 1) the inferior pari- 
etal cortex, and 2) most of the temporal, prefrontal, cingulate and medial 
and superior parietal cortices. The lowest myelin levels were expected 
in: 1) the anterior insula, 2) temporal pole, 3) medial prefrontal cortex, 
and 4) portions of the anterior cingulate cortex. Consensus was reached 

by comparing notes on each T1w/T2w-ratio map. For assessments of 
the gradients, we examined if the transitions from high-to-intermediate, 
high-to-low and intermediate-to-low myelination matched expectations 
as described above. See Nieuwenhuys & Broere (2017) and Glasser & 

Van Essen (2011) for further information on the distribution of myelin 
in the human cerebral cortex. 

2.4.3. ROI-wise correlations with reference datasets 

To quantify the correspondence with expected myelin distributions, 
we extracted, for each dataset and processing method, mean T1w/T2w- 
ratio values in 176 ROIs of the HCP Multi-Modal Parcellation (HCP- 
MMP), where 4 ROIs (H_ROI, EC_ROI, PreS_ROI and RSC_ROI) were ex- 
cluded for each hemisphere due to their overlapping with the medial 
wall yielding spurious T1w/T2w-ratio values. The mean values were 
calculated across all the T1w/T2w-ratio maps in that dataset, i.e. each 
test-retest pair in the HCP and Donders datasets and test-retest pair for 
each of the two sessions in the NOR-MR750 and NOR-Premier datasets. 
They were then used to compute Spearman rank correlations, using the 
cor.test function from the stats package in R, with mean T1w/T2w-ratio 
values from two reference T1w/T2w-ratio datasets, the YA-BC and YA- 
B1 + ( Section 2.3.7 ). These datasets were used as references given their 
acquisition parameters optimised for T1w/T2w-ratio mapping and high 
correspondence with histology. 

2.4.4. Coefficients of variation 

To quantify test-retest reliability, we calculated percentage CVs by 
first calculating vertex-wise CVs which were combined for each partici- 
pant using the root-mean-square (RMS) formula in each HCP-MMP ROI 
and for the whole cortex. The ROI and whole-cortex CVs were then com- 
bined across individuals to form summary ROI and whole-cortex CVs for 
each processing method and pipeline. To compute the vertex-wise CVs 
for each participant we used the formula 

CV Vertex , i , j =
sd 
(
x i , j

)

mean 
(
x i , j

)

where x i,j is the set of T1w/T2w-ratio values for the i th subject in the 

j th vertex. For each subject, these were combined for each ROI in the 
HCP-MMP atlas and for the whole cortical surface to form individual 
regional coefficients of variation (CV ROI,i ) and whole-cortex coefficients 
of variation (CV Cortex,i ) using the RMS formula as follows 

CV ROI , i = 

√√ √ √ √ 

𝑁 ROI ∑
j=1 

CV 

2 
Vertex , i , j

𝑁 ROI 

where the sum is over the N ROI vertices in each ROI and the whole 
cortex. To combine ROI and whole-cortex coefficients of variation across 
all participants, we used the subject-wise CVs calculated above in the 
RMS formula 

CV ROI = 

√ √ √ √ √ 

𝑁 Subjects ∑
i=1 

CV 

2 
ROI , i

𝑁 Subjects 

where the sum is taken over all the subjects in each dataset. Here the 
RMS is used rather than the arithmetic mean, since the mean is a biased 
estimator and will tend to underestimate the true test-retest variability 
( Glüer et al., 1995 ). Lower CVs indicate higher measurement precision. 

2.4.5. Intraclass correlation coefficients 

To assess global test-retest variability of the T1w/T2w-ratio distri- 
butions, we calculated intraclass correlation coefficients (ICCs) of the 
median of the T1w/T2w-ratio values (ICC Median ), using the icc function 
from the irr package in R. We used the two-way mixed single score ICC, 
denoted ICC(A,1) in the classification by McGraw & Wong (1996) . The 
median was used as a more robust descriptor of the global T1w/T2w- 
ratio distribution. Higher ICCs represent better absolute agreement be- 
tween test and retest. 
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2.4.6. Laterality indices 

To assess how correction methods, in particular bias field correction, 
affected lateral bias in T1w/T2w-ratio values, we computed average in- 
terhemispheric T1w/T2w-ratio differences using the percentage lateral- 
ity index (LI) for each of the 180 regions of the HCP-MMP atlas with the 
mean laterality index 

LI = 

200 
180 

180 ∑
j=1 

RO I j , lh − RO I j , rh 
RO I j , lh + RO I j , rh 

Assuming that inter-hemispheric distributions of cortical myelin is 
not systematically skewed, higher laterality indices indicate the pres- 
ence of field bias and successful bias field correction should result in a 
lower mean laterality index. 

2.4.7. Visualisation of results 

To visualise regional distributions of CV ROI and ICC ROI we created 
surface maps based on the HCP-MMP atlas using the fsbrain toolbox in 
R ( https://github.com/dfsp-spirit/fsbrain ). For comparison of the test- 
retest reliability and laterality indices of each processing method and vi- 
sualisation of outlier subjects, we created box plots of the whole-cortex 
CVs, median ROI-wise ICCs and mean laterality indices across ROIs for 
each participant grouped by processing method and dataset. To visu- 
alise the test-retest reliability and intra-subject variation compared to 
inter-subject variation we created ridgeline plots of the T1w/T2w-ratio 
distributions for each processing method using the ggridges toolbox in 
R ( https://wilkelab.org/ggridges/ ) which are presented in the Supple- 
mentary Materials. 

2.4.8. Follow-up analyses 

Three of the datasets included in this study were comprised of high- 
resolution images that were downsampled to 1 mm isotropic to ensure 
that results were generalisable to commonly available datasets. Past 
studies have suggested that the use of high-resolution data is beneficial 
for T1w/T2w-ratio mapping ( Glasser and Van Essen, 2011 ). We there- 
fore performed follow-up analyses for the NOR-Premier and the HCP 
datasets where we assessed the effect of downsampling by running all 
analyses described above for T1w/T2w Raw-Hires , T1w/T2w HCP-Raw-Hires , 
and T1w/T2wHCP-BC-Hires where we used high-resolution data. The 
Donders dataset was not included in these analyses, due to the incom- 
patibility of the -cw256 flag, which was necessary in this dataset due to 
defacing, and the -hires flag of the high-resolution recon-all pipeline. 

In our main analyses, we transformed output from the 
T1w/T2w HCP-Raw 

and T1w/T2w HCP-BC pipelines from the native 
FS_LR surface of the HCP-MPP to the native surface of FreeSurfer, fsav- 

erage . This transformation could be a source of error, and we therefore 
tested its effects by extracting data directly from FS_LR space for the 
T1w/T2w HCP-Raw 

and T1w/T2w HCP-BC pipelines using Connectome 
Workbench and computing ROI-wise correlations with the reference 
datasets. 

3. Results 

3.1. Qualitative assessment of T1w/T2w-ratio maps 

Mean maps for T1w/T2w Raw 

, T1w/T2w N3-All , T1w/T2w N4-All , 
T1w/T2w HCP-Raw 

, and T1w/T2w HCP-BC for each dataset are presented 
in Fig. 2 . Intensity normalisation and corrections for outliers or par- 
tial volume effects did not appreciably influence the T1w/T2w-ratio 
maps and these are therefore not depicted or discussed in the quali- 
tative assessment. See Supplementary Figures 1–5 for ridgeline plots of 
the T1w/T2w-ratio distributions for each processing method. 

3.1.1. NOR-MR750 

As expected from histology, high T1w/T2w Raw 

values were seen 
in the lateral motor cortex and in the auditory cortex, but the visual 

cortex had relatively low values despite this region being known to 
be highly myelinated. Some frontal medial regions had relatively high 
T1w/T2w-ratio values despite these regions being known to be lightly 
myelinated. N3 bias correction improved the correspondence with cor- 
tical myelin maps, with higher values in the medial occipital lobe but 
with no clearly delineated notch in the paracentral lobule. N4ITK bias 
correction led to an improved correspondence with histology on the 
medial side, but parietal and superior frontal regions with spuriously 
high values were observed with unexpectedly high values around Brod- 
mann areas 44 and 45. T1w/T2w HCP-Raw 

was similar to T1w/T2w Raw 

, 
with additional smoothing inherent to the HCP Minimal Processing 
Pipeline. The best correspondence with cortical myelin maps was seen 
with T1w/T2w HCP-BC , where high values were found in the auditory, 
motor and visual cortices as expected and a clearly delineated notch 
was present in the paracentral lobule. 

3.1.2. NOR-Premier 

T1w/T2w Raw 

closely matched histological cortical myelin maps 
with high values in the auditory, motor and visual cortices and low 

values in frontal, temporal and parietal regions. N3 bias correction 
only had a marginal effect on the T1w/T2w-ratio maps, but N4ITK 

bias correction introduced spuriously high values especially in frontal 
and parietal regions where cortical myelin content is known to be 
low. T1w/T2w HCP-Raw 

and T1w/T2w HCP-BC gave similar results to 
T1w/T2w Raw 

and T1w/T2w N3-All with some additional smoothing. 

3.1.3. Donders 

T1w/T2w Raw 

values were high in the auditory, visual and motor 
cortices as expected, but lightly myelinated frontal and parietal regions 
contained spuriously high T1w/T2w-ratio values. N3 bias correction im- 
proved the visual correspondence with histology, but N4ITK bias cor- 
rection seemed to further exacerbate the poor correspondence in re- 
gions with spuriously high T1w/T2w-ratio values. T1w/T2w HCP-Raw 

and 
T1w/T2w HCP-BC were similar, but T1w/T2w HCP-BC had a better con- 
trast between high and low myelinated regions, with relatively lower 
T1w/T2w-ratio values in frontal parietal regions in particular, and thus 
gave the best results visually. 

3.1.4. HCP 

Regional distributions of T1w/T2w Raw 

closely matched histology, 
with the exception of some frontal regions with spuriously high val- 
ues especially in the left hemisphere. N3 bias correction had only mi- 
nor effects on the T1w/T2w-ratio, but N4ITK bias correction seemed 
to reduce the presence of spuriously high values in frontal regions. 
T1w/T2w HCP-Raw 

showed excellent correspondence with the expected 
cortical myelin distribution, but unexpectedly high values were seen in 
a frontal parietal region. This region was attenuated in T1w/T2w HCP-BC , 
which gave the best results. 

3.2. ROI-wise correlations with reference datasets 

See Table 2 for Spearman rank correlations between the YA-BC and 
YA-B1 + reference datasets for each of the non-intensity normalised pro- 
cessing methods, and Tables 3–5 for Spearman rank correlations after 
intensity normalisation applied to T1w/T2w Raw 

, T1w/T2w N3-All , and 
T1w/T2w N4-All respectively. 

3.2.1. NOR-MR750 

We found low correspondence with the YA-BC reference for 
T1w/T2w Raw 

[ 𝜌 = 0.27], T1w/T2w OC [ 𝜌 = 0.27], T1w/T2w PVC [ 𝜌 = 

0.26], and T1w/T2w HCP-Raw 

[ 𝜌 = 0.23]. This was greatly improved for 
T1w/T2w N3 [ 𝜌 = 0.70] and T1w/T2w N3-All [ 𝜌 = 0.70], and moderately 
improved for T1w/T2w N4 [ 𝜌 = 0.53] and T1w/T2w N4-All [ 𝜌 = 0.57]. The 
best results were seen for T1w/T2w HCP-BC [ 𝜌 = 0.92]. 

We found very low correspondence with the YA-B1 + reference, for 
T1w/T2w Raw 

[ 𝜌 = − 0.05], T1w/T2w OC [ 𝜌 = − 0.04], T1w/T2w PVC [ 𝜌
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Fig. 2. Mean T1w/T2w-ratio maps in each dataset for a selection of calculation methods. Partial volume correction and surface outlier correction yielded similar 
maps as the raw processing method. Intensity normalisation after bias correction yielded qualitatively identical maps to those before intensity normalisation and are 
therefore not depicted. Colours were chosen by distributing them at five equally spaced points from the 3rd percentile to the 96th percentile, and were set to black, 
blue, green, yellow and red respectively. 

= − 0.05], and T1w/T2w HCP-Raw 

[ 𝜌 = − 0.04]. There was a moder- 
ate improvement for T1w/T2w N3 [ 𝜌 = 0.36] and T1w/T2w N3-All [ 𝜌 = 

0.36]. The highest correlations were seen for T1w/T2w N4 [ 𝜌 = 0.66], 
T1w/T2w N4-All [ 𝜌 = 0.70], and T1w/T2w HCP-BC [ 𝜌 = 0.77]. 

Intensity normalisation did not strongly affect rank correlations with 
the YA-BC and the YA-B1 + reference datasets (see Tables 3-5 ). 

3.2.2. NOR-Premier 

In the NOR-Premier dataset, we found high correlations with the 
YA-BC reference for T1w/T2w Raw 

[ 𝜌 = 0.89], T1w/T2w OC [ 𝜌 = 0.89], 
T1w/T2w PVC [ 𝜌 = 0.89], T1w/T2w N3 [ 𝜌 = 0.86], T1w/T2w N3-All 
[ 𝜌 = 0.86], T1w/T2w HCP-Raw 

[ 𝜌 = 0.90], and T1w/T2w HCP-BC [ 𝜌 = 

0.92]. Lower correlations were seen with T1w/T2w N4 [ 𝜌 = 0.56] and 
T1w/T2w N4-All [ 𝜌 = 0.56]. 

We found high correlations with the YA-B1 + reference for 
T1w/T2w Raw 

[ 𝜌 = 0.86], T1w/T2w OC [ 𝜌 = 0.87], T1w/T2w PVC [ 𝜌 = 

0.86], T1w/T2w HCP-BC [ 𝜌 = 0.88], and T1w/T2w HCP-Raw 

[ 𝜌 = 0.90]. 
Correlations were marginally lower for T1w/T2w N3 [ 𝜌 = 0.81] and 
T1w/T2w N3-All [ 𝜌 = 0.82]. The lowest correlations were observed for 
T1w/T2w N4 [ 𝜌 = 0.73] and T1w/T2w N4-All [ 𝜌 = 0.73]. 

Intensity normalisation did not greatly affect correlations with the 
reference datasets, with the exception of ZS which decreased the cor- 
relations with the YA-B1 + reference to 𝜌 = 0.77 when applied to 
T1w/T2w Raw 

. 

3.2.3. Donders 

In the Donders dataset, high correlations with the YA-BC refer- 
ence were seen for T1w/T2w Raw 

[ 𝜌 = 0.80], T1w/T2w OC [ 𝜌 = 0.80], 
T1w/T2w PVC [ 𝜌 = 0.80], T1w/T2w N3 [ 𝜌 = 0.76], T1w/T2w N3-All [ 𝜌 = 

0.76], and T1w/T2w HCP-Raw 

[ 𝜌 = 0.79]. Lower correlations were seen 
with T1w/T2w N4 [ 𝜌 = 0.31] and T1w/T2w N4-All [ 𝜌 = 0.46]. The best 
results were seen with T1w/T2w HCP-BC [ 𝜌 = 0.96]. 

We found high correlations with the YA-B1 + reference for 
T1w/T2w Raw 

[ 𝜌 = 0.96], T1w/T2w OC [ 𝜌 = 0.96], T1w/T2w PVC [ 𝜌 = 

0.96], T1w/T2w HCP-BC [ 𝜌 = 0.91], and T1w/T2w HCP-Raw 

[ 𝜌 = 0.97]. Cor- 
relations were lower for T1w/T2w N3 [ 𝜌 = 0.86] and T1w/T2w N3-All [ 𝜌
= 0.87]. The lowest correlations were observed for T1w/T2w N4 [ 𝜌 = 

0.44] and T1w/T2w N4-All [ 𝜌 = 0.63]. 
Intensity normalisation did not greatly affect correlations with the 

reference datasets, with the exception of RAVEL and GMM which de- 
creased the correlations with the YA-BC reference to 𝜌 = 0.68 and 𝜌 = 

0.18 respectively when applied to T1w/T2w Raw 

. 

3.2.4. HCP 

In the HCP dataset, high correlations with the YA-BC reference 
were seen for T1w/T2w Raw 

[ 𝜌 = 0.90], T1w/T2w OC [ 𝜌 = 0.89], 
T1w/T2w PVC [ 𝜌 = 0.90], T1w/T2w N3 [ 𝜌 = 0.92], T1w/T2w N3-All [ 𝜌 = 

0.91], T1w/T2w HCP-Raw 

[ 𝜌 = 0.93], and T1w/T2w HCP-BC [ 𝜌 = 0.97]. 
The lowest correlations were seen for T1w/T2w N4 [ 𝜌 = 0.71] and 
T1w/T2w N4-All [ 𝜌 = 0.71]. 
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Table 2 

Summary statistics for processing methods without intensity normalisation, including mean T1w/T2w-ratio values, percentage coefficients of varia- 
tion, intraclass correlation coefficients for median T1w/T2w-ratio value, whole-cortex percentage laterality indices averaged across individuals, and 
Spearman rank correlations with the YA-BC and YA-B1 + reference datasets. 

Raw PVC only OC only N3 only N3-All N4 only N4-All HCP-Raw HCP-BC 

Mean T1w/T2w-ratio NOR-MR750 1.37 1.36 1.37 1.44 1.43 2.75 1.49 2.02 1.30 
NOR-Premier 1.97 1.96 1.97 2.13 2.11 1.98 2.17 3.20 1.29 

DONDERS 1.38 1.37 1.38 1.48 1.47 2.53 1.57 2.55 1.29 
HCP 1.25 1.24 1.24 1.30 1.29 1.53 1.52 1.81 1.30 

Total (Mean) 1.49 1.48 1.49 1.59 1.57 2.20 1.68 2.39 1.30 

Cofficient of variation (%) NOR-MR750 12.30 12.33 12.00 12.14 11.84 14.32 13.96 6.93 6.61 
NOR-Premier 8.82 8.84 8.45 8.69 8.33 9.25 8.88 6.23 8.48 

DONDERS 8.56 8.55 8.18 8.05 7.65 9.42 9.05 6.59 6.73 
HCP 10.41 10.45 10.11 10.17 9.88 10.70 10.43 4.88 4.32 

Total (RMS) 10.13 10.15 9.80 9.89 9.56 11.11 10.78 6.20 6.70 

Intraclass correlation coefficient NOR-MR750 0.13 0.13 0.13 0.17 0.17 0.26 0.26 0.31 0.41 
NOR-Premier 0.90 0.90 0.90 0.93 0.93 0.93 0.93 0.59 0.54 

DONDERS 0.57 0.57 0.57 0.61 0.62 0.27 0.27 0.14 0.67 
HCP 0.73 0.73 0.73 0.73 0.73 0.74 0.74 0.69 0.55 

Total (Mean) 0.58 0.58 0.58 0.61 0.61 0.55 0.55 0.43 0.54 

Laterality Index (%) NOR-MR750 8.80 8.83 8.82 − 0.20 − 0.13 0.90 1.01 9.59 − 0.03 
NOR-Premier 1.93 1.91 1.92 0.03 0.00 0.11 0.05 1.92 − 0.10 

DONDERS 0.36 0.34 0.41 0.07 0.09 − 0.50 − 0.43 0.65 − 0.11 
HCP − 0.14 − 0.13 0.02 − 0.41 − 0.25 − 0.27 − 0.11 0.14 − 0.22 

Total (RMS) 4.51 4.52 4.52 0.23 0.15 0.54 0.55 4.90 0.13 

Correlation with YA-BC NOR-MR750 0.27 0.26 0.27 0.70 0.70 0.53 0.57 0.23 0.92 
NOR-Premier 0.89 0.89 0.89 0.86 0.86 0.56 0.56 0.90 0.92 

DONDERS 0.80 0.80 0.80 0.76 0.76 0.31 0.46 0.79 0.96 
HCP 0.90 0.90 0.89 0.92 0.91 0.71 0.71 0.93 0.97 

Total (Mean) 0.71 0.71 0.71 0.81 0.81 0.53 0.58 0.71 0.94 

Correlation with YA-B1 + NOR-MR750 − 0.05 − 0.05 − 0.04 0.36 0.36 0.66 0.70 − 0.04 0.77 
NOR-Premier 0.86 0.86 0.87 0.81 0.82 0.73 0.73 0.90 0.88 

DONDERS 0.96 0.96 0.96 0.86 0.87 0.44 0.63 0.97 0.91 
HCP 0.72 0.72 0.72 0.79 0.80 0.80 0.82 0.77 0.88 

Total (Mean) 0.62 0.62 0.63 0.71 0.71 0.66 0.72 0.65 0.86 

We found high correlations with the YA-B1 + reference for 
T1w/T2w N3-All [ 𝜌 = 0.77], T1w/T2w N3 [ 𝜌 = 0.79], T1w/T2w N3-All 
[ 𝜌 = 0.80], T1w/T2w N4 [ 𝜌 = 0.80], T1w/T2w N4-All [ 𝜌 = 0.82], and 
T1w/T2w HCP-BC [ 𝜌 = 0.88]. The lowest correlations were observed for 
T1w/T2w Raw 

[ 𝜌 = 0.72], T1w/T2w OC [ 𝜌 = 0.72], and T1w/T2w PVC [ 𝜌
= 0.72]. 

Intensity normalisation did not strongly affect rank correlations with 
the YA-BC reference (see Tables 3-5 ). 

3.3. Whole-cortex coefficients of variation 

See Table 2 for whole-cortex coefficients of variation, CV Cortex , 
for each processing method without intensity normalisation grouped 
by dataset, and Tables 3-5 for CV Cortex after intensity normalisation 
for T1w/T2w Raw 

, T1w/T2w N3-All , and T1w/T2w N4-All respectively. See 
Fig. 4 for box plots of subject-wise CV Cortex for each processing method. 

3.3.1. NOR-MR750 

Total whole-cortex CVs were high in the NOR-MR750 dataset 
for all the non-normalised processing methods, T1w/T2w Raw 

[CV Cortex = 12.30%], T1w/T2w PVC [CV Cortex = 12.33%], T1w/T2w OC 
[CV Cortex = 12.00%], T1w/T2w N3 [CV Cortex = 12.14%], and 
T1w/T2w N3-All [CV Cortex = 11.84%]. Whole-cortex CVs were higher 
with N4ITK bias correction; T1w/T2w N4 [CV Cortex = 14.32%] and 
T1w/T2w N4-All [CV Cortex = 13.96%]. The lowest CVs were seen 
with T1w/T2w HCP-Raw 

[CV Cortex = 6.93%] and T1w/T2w HCP-BC 
[CV Cortex = 6.61%]. 

3.3.2. NOR-Premier 

For the NOR-Premier dataset, whole-cortex CVs were lower than 
in the NOR-MR750 and HCP datasets and similar to those of the 

Donders dataset, with T1w/T2w Raw 

[CV Cortex = 8.82%], T1w/T2w PVC 
[CV Cortex = 8.84%], T1w/T2w OC [CV Cortex = 8.45%], T1w/T2w N3 
[CV Cortex = 8.69%], T1w/T2w N3-All [CV Cortex = 8.33%], T1w/T2w N4-All 
[CV Cortex = 8.88%], and T1w/T2w HCP-BC [CV Cortex = 8.48%]. Whole- 
cortex CVs were the highest with N4ITK bias correction only; 
T1w/T2w N4 [CV Cortex = 9.25%] and the lowest with T1w/T2w HCP-Raw 

[CV Cortex = 6.23%]. 

3.3.3. Donders 

For the Donders dataset the total whole-cortex CVs were 
overall lower than in the NOR-MR750 and HCP datasets, with 
T1w/T2w Raw 

[CV Cortex = 8.56%], T1w/T2w PVC [CV Cortex = 8.55%], 
T1w/T2w OC [CV Cortex = 8.18%], T1w/T2w N3 [CV Cortex = 8.05%], 
and T1w/T2w N3-All [CV Cortex = 7.65%]. Whole-cortex CVs were the 
highest with N4ITK bias correction; T1w/T2w N4 [CV Cortex = 9.42%] 
and T1w/T2w N4-All [CV Cortex = 9.05%]. The lowest CVs were 
seen with T1w/T2w HCP-Raw 

[CV Cortex = 6.59%] and T1w/T2w HCP-BC 
[CV Cortex = 6.73%]. 

3.3.4. HCP 

In the HCP dataset, total whole-cortex CVs were similar across 
most of the non-intensity normalised processing methods, with 
T1w/T2w Raw 

[CV Cortex = 10.41%], T1w/T2w PVC [CV Cortex = 10.45%], 
T1w/T2w OC [CV Cortex = 10.11%], T1w/T2w N3 [CV Cortex = 10.17%], 
T1w/T2w N3-All [CV Cortex = 9.88%], T1w/T2w N4 [CV Cortex = 10.70%], 
and T1w/T2w N4-All [CV Cortex = 10.43%]. Similar to the other datasets, 
the lowest CVs were seen with T1w/T2w HCP-Raw 

[CV Cortex = 4.88%] and 
T1w/T2w HCP-BC [CV Cortex = 4.32%]. 

3.3.5. Intensity normalisation 

For intensity normalisation with the raw processing method, 
the greatest improvement of CV Cortex across datasets compared to 
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Table 3 

Summary statistics for T1w/T2w Raw after intensity normalisation, including mean T1w/T2w-ratio values, percentage coefficients of variation, intraclass correlation 
coefficients for the median T1w/T2w-ratio value, whole-cortex percentage laterality indices averaged across individuals, and Spearman rank correlations with the 
YA-BC and YA-B1 + reference datasets. 

Raw - FCM Raw - GMM Raw - KDE Raw - LSQ Raw - N&U Raw - RAVEL Raw - WS Raw - ZS 

Mean T1w/T2w-ratio NOR-MR750 0.53 0.58 0.57 0.94 0.69 0.84 0.84 0.97 
NOR-Premier 0.57 0.62 0.59 0.91 2.04 0.84 0.84 0.97 

DONDERS 0.59 0.60 0.69 0.79 1.41 0.87 0.86 0.97 
HCP 0.49 0.52 0.52 0.83 1.27 0.80 0.80 0.96 

Total (Mean) 0.55 0.58 0.59 0.87 1.35 0.84 0.83 0.97 

Cofficient of variation (%) NOR-MR750 8.32 8.29 8.48 8.35 17.83 5.94 6.04 5.61 
NOR-Premier 7.90 7.88 7.96 8.02 9.89 5.96 5.91 5.59 

DONDERS 7.47 7.80 10.64 7.43 13.21 5.40 5.50 4.52 
HCP 7.28 7.21 10.25 7.36 14.65 5.37 6.18 4.96 

Total (RMS) 7.75 7.81 9.40 7.80 14.18 5.68 5.91 5.19 

Intraclass correlation coefficient NOR-MR750 0.94 0.96 0.87 0.99 0.78 0.51 0.66 0.98 
NOR-Premier 0.91 0.93 0.89 0.99 0.97 0.76 0.69 0.97 

DONDERS 0.77 0.64 0.78 0.96 0.51 0.82 0.83 0.93 
HCP 0.86 0.88 0.53 0.96 0.85 0.51 0.40 0.93 

Total (Mean) 0.87 0.86 0.77 0.97 0.78 0.65 0.65 0.96 

Laterality Index (%) NOR-MR750 8.80 8.80 8.80 8.80 8.78 2.28 2.28 1.27 
NOR-Premier 1.93 1.93 1.93 1.93 1.92 0.64 0.64 0.36 

DONDERS 0.36 0.36 0.36 0.36 0.29 0.23 0.32 0.32 
HCP − 0.14 − 0.07 − 0.14 − 0.14 − 0.15 − 0.01 0.01 − 0.01 

Total (RMS) 4.51 4.51 4.51 4.51 4.49 1.19 1.20 0.68 

Correlation with YA-BC NOR-MR750 0.28 0.28 0.27 0.28 0.25 0.27 0.29 0.27 
NOR-Premier 0.88 0.88 0.88 0.89 0.89 0.86 0.90 0.87 

DONDERS 0.80 0.18 0.80 0.80 0.77 0.68 0.83 0.88 
HCP 0.90 0.90 0.90 0.90 0.89 0.88 0.89 0.88 

Total (Mean) 0.71 0.56 0.71 0.72 0.70 0.67 0.73 0.73 

Correlation with YA-B1 + NOR-MR750 − 0.04 − 0.04 − 0.04 − 0.03 − 0.06 − 0.04 − 0.02 − 0.05 
NOR-Premier 0.88 0.88 0.88 0.87 0.87 0.88 0.88 0.77 

DONDERS 0.96 0.96 0.96 0.96 0.95 0.87 0.96 0.92 
HCP 0.72 0.72 0.72 0.72 0.71 0.71 0.73 0.72 

Total (Mean) 0.63 0.63 0.63 0.63 0.62 0.61 0.64 0.59 

T1w/T2w Raw 

[CV Cortex = 10.13%] was seen after intensity normalisa- 
tion with WhiteStripe [CV Cortex = 5.91%], RAVEL [CV Cortex = 5.68%], 
and Z-Score [CV Cortex = 5.19%]. For the other five intensity normalisa- 
tion methods, some resulted in improvements while others made CVs 
worse with CV Cortex ranging from 7.80% to 14.18% after intensity nor- 
malisation. 

The best results for the N3-All processing method after intensity nor- 
malisation as compared with T1w/T2w N3-All [CV Cortex = 9.56%] were 
seen with WhiteStripe [CV Cortex = 5.42%], RAVEL [CV Cortex = 5.46%], 
and Z-Score [CV Cortex = 5.17%]. Similarly, the best results for 
the N4-All processing method after intensity normalisation as com- 
pared with T1w/T2w N4-All [CV Cortex = 10.78%] were seen with 
WhiteStripe [CV Cortex = 5.45%], RAVEL [CV Cortex = 5.57%], and Z-Score 
[CV Cortex = 5.17%]. 

3.4. Regional coefficients of variation maps 

See Fig. 3 for CV ROI for a selection of processing methods. Regional 
maps of CV ROI for the HCP-MMP atlas, showed that the regions with 
the greatest CV ROI tended to be located in the motor cortex across all 
datasets and in the occipital lobe for the NOR-Premier, Donders, and 
the HCP dataset. N3 bias correction lowered CV ROI in the occipital 
lobes in the NOR-Premier and the HCP datasets. Occipital lobe CV ROI 
remained high for T1w/T2w HCP-BC especially for the NOR-Premier and 
HCP datasets. For the Donders dataset, some frontal regions also showed 
relatively high CV ROI particularly with T1w/T2w HCP-Raw 

. Some regions 
in the rostral anterior cingulate showed high CV ROI across multiple 
datasets and processing methods. This was likely caused by unstable par- 
cellation performance in this region due to the proximity to the medial 
wall. See Supplementary Figure 6–9 for CV ROI maps for T1w/T2w N3-All 
and T1w/T2w N4-All after intensity normalisation. 

3.5. Intraclass correlation coefficients 

Intraclass correlation coefficients for whole-cortex median 
T1w/T2w-ratio values were in general low for the NOR-MR750 dataset 
without intensity normalisation, ranging from 0.13 for T1w/T2w Raw 

to 0.41 for T1w/T2w HCP-BC . For the NOR-Premier dataset, ICC Median 
was high for all pipelines with a range of 0.90 to 0.93 except for 
T1w/T2w HCP-Raw 

and T1w/T2w HCP-BC with an ICC Median of 0.59 and 
0.54 respectively. For the Donders dataset, ICC Median ranged from 0.67 
for T1w/T2w HCP-BC to 0.14 for T1w/T2w HCP-Raw 

. For the HCP dataset, 
ICC Median ranged from 0.55 for T1w/T2w HCP-BC to 0.74 for T1w/T2w N4 
and T1w/T2w N4-All . 

After intensity normalisation with both the Raw, N3-All, and N4-All 
processing methods, ICC Median improved the most with Least-Squares 
and Z-Score normalisation. For N3-All with Nyúl & Udupa normalisa- 
tion, ICC Median was also high for NOR-Premier [ICC Median = 0.98], NOR- 
MR750 [ICC Median = 0.86] and HCP [ICC Median = 0.89], but lower for 
Donders [ICC Median = 0.49]. For N4-All with Nyúl & Udupa normalisa- 
tion, ICC Median was high for all four datasets. See Tables 2-5 for median 
ICCs for each dataset and processing method and Fig. 5 for box plots of 
ICCs of mean T1w/T2w-ratio values in each ROI of the HCP-MMP atlas. 
See Supplementary Figures 10–14 for regional ICCs of mean T1w/T2w- 
ratio values in each ROI of the HCP-MMP atlas. 

3.6. Laterality indices 

Laterality indices showed large left-right differences for the raw 

processing method for the NOR-MR750 dataset with T1w/T2w Raw 

[LI = 8.80%] compared to the NOR-Premier dataset with T1w/T2w Raw 

[LI = 1.93%], the Donders dataset with T1w/T2w Raw 

[LI = 0.36%], 
and the HCP dataset with T1w/T2w Raw 

[LI = − 0.14%], indicating 
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Table 4 

Summary statistics for T1w/T2w N3-All after intensity normalisation, including mean T1w/T2w-ratio values, percentage coefficients of variation, intraclass correlation 
coefficients for median T1w/T2w-ratio value, whole-cortex percentage laterality indices averaged across individuals, and Spearman rank correlations with the YA-BC 
and YA-B1 + reference datasets. 

N3-All - FCM N3-All - GMM N3-All - KDE N3-All - LSQ N3-All - N&U N3-All - RAVEL N3-All - WS N3-All - ZS 

Mean T1w/T2w-ratio NOR-MR750 0.54 0.59 0.57 0.94 1.24 0.84 0.85 0.97 
NOR-Premier 0.57 0.62 0.60 0.88 1.96 0.85 0.85 0.97 

DONDERS 0.58 0.60 0.71 0.80 1.43 0.88 0.87 0.96 
HCP 0.49 0.52 0.52 0.81 1.26 0.81 0.81 0.96 

Total (Mean) 0.54 0.58 0.60 0.86 1.47 0.85 0.84 0.97 

Cofficient of variation (%) NOR-MR750 7.61 7.60 7.68 7.66 15.42 5.83 5.78 5.59 
NOR-Premier 7.30 7.30 7.40 7.54 8.71 5.91 5.74 5.58 

DONDERS 6.53 6.74 9.63 6.74 13.66 4.92 4.91 4.50 
HCP 6.53 6.46 6.52 6.55 12.22 5.10 5.19 4.95 

Total (RMS) 7.01 7.04 7.89 7.14 12.74 5.46 5.42 5.17 

Intraclass correlation coefficient NOR-MR750 0.95 0.97 0.93 0.99 0.86 0.65 0.78 0.99 
NOR-Premier 0.94 0.97 0.92 0.99 0.98 0.85 0.88 0.99 

DONDERS 0.75 0.70 0.79 0.95 0.49 0.84 0.84 0.96 
HCP 0.88 0.90 0.99 0.98 0.89 0.94 0.93 0.96 

Total (Mean) 0.88 0.89 0.91 0.98 0.80 0.82 0.86 0.97 

Laterality Index (%) NOR-MR750 − 0.13 − 0.13 − 0.13 − 0.13 − 0.10 − 0.17 − 0.15 − 0.02 
NOR-Premier 0.00 0.00 0.00 0.00 0.02 − 0.06 0.00 0.01 

DONDERS 0.09 0.09 0.09 0.09 0.11 0.05 − 0.05 − 0.04 
HCP − 0.25 − 0.24 − 0.25 − 0.25 − 0.26 − 0.10 − 0.08 − 0.05 

Total (RMS) 0.15 0.14 0.15 0.15 0.15 0.11 0.09 0.03 

Correlation with YA-BC NOR-MR750 0.70 0.70 0.70 0.71 0.69 0.71 0.70 0.69 
NOR-Premier 0.85 0.85 0.85 0.86 0.85 0.74 0.84 0.85 

DONDERS 0.76 0.76 0.76 0.76 0.75 0.60 0.78 0.77 
HCP 0.91 0.91 0.91 0.91 0.91 0.90 0.91 0.91 

Total (Mean) 0.81 0.81 0.81 0.81 0.80 0.74 0.81 0.80 

Correlation with YA-B1 + NOR-MR750 0.37 0.37 0.37 0.37 0.35 0.38 0.36 0.35 
NOR-Premier 0.82 0.82 0.82 0.82 0.81 0.74 0.82 0.76 

DONDERS 0.87 0.87 0.87 0.87 0.86 0.72 0.85 0.85 
HCP 0.80 0.80 0.80 0.80 0.80 0.78 0.81 0.80 

Total (Mean) 0.71 0.71 0.71 0.72 0.71 0.65 0.71 0.69 

large interhemispheric intensity bias in the NOR-MR750 dataset. Sim- 
ilarly, large laterality indices were seen in the NOR-MR750 dataset 
for T1w/T2w PVC , T1w/T2w OC , and T1w/T2w HCP-Raw 

. Bias field correc- 
tion had marginal effects on the laterality indices of the NOR-Premier, 
Donders, and HCP datasets, but reduced those of the NOR-MR750 
dataset with T1w/T2w N3 [LI = − 0.20%], T1w/T2w N3-All [LI = − 0.13%], 
T1w/T2w N4 [LI = 0.90%], and T1w/T2w N4-All [LI = 1.01%]. Similarly, 
T1w/T2w HCP-BC decreased the laterality index to − 0.03% for the NOR- 
MR750 dataset. 

After intensity normalisation in the NOR-MR750 dataset using 
the Raw processing method, laterality indices decrased with RAVEL 
[LI = 2.28%], WhiteStripe [LI = 2.28%] and Z-Score [LI = 1.27%]. Oth- 
erwise laterality indices were only marginally affected by intensity nor- 
malisation using the Raw and N3-All processing methods. See Fig. 6 for 
box plots of per-subject laterality indices for processing method grouped 
by dataset. 

3.7. Follow-up analyses 

3.7.1. Analyses on high-resolution data 

Spearman rank correlations with the reference datasets, ICC Median , 
and laterality indices were similar to those observed in the main 
analyses on downsampled data for both the NOR-Premier and 
HCP datasets. Whole-cortex coefficients of variation, CV Cortex were 
lower across datasets for T1w/T2w Raw-Hires [CV Cortex = 7.02%] and 
T1w/T2w HCP-Raw-Hires [CV Cortex = 4.71%], but higher for T1w/T2wHCP- 
BC-Hires [CV Cortex = 9.98%]. The high CV Cortex for T1w/T2wHCP-BC- 
Hires was driven by the NOR-Premier dataset which had a CV Cortex of 
13.60%. See Supplementary Table 1 for details. 

3.7.2. Extraction directly from FS_LR space 

Extracting ROI-wise T1w/T2w-ratio data directly from FS_LR space 
for T1w/T2w HCP-Raw 

and T1w/T2w HCP-BC had only marginal effects on 
the Spearman rank correlations with the reference datasets, with coef- 
ficients differing by less than 0.01 for all datasets. See Supplementary 
Table 2 for the results for each processing method and dataset. 

4. Discussion 

Two key findings emerged from our investigation. First, the perfor- 
mance of the T1w/T2w-ratio in faithfully reproducing myeloarchitec- 
tonic maps is highly variable across sites and processing pipelines but 
can in some cases be improved with bias correction. For example, we 
found that for the NOR-MR750 dataset, for which reproducibility was 
initially low, the correlation with the YA-BC reference improved from 

0.27 for T1w/T2w Raw 

to 0.70 after data-driven N3 bias correction and 
to 0.92 with the template-adjusted HCP-BC pipeline. Similarly, in this 
dataset we found an increase in the correlation with the B1 + corrected 
YA-B1 + dataset from − 0.05 to 0.66 after data-driven N4ITK bias correc- 
tion and to 0.77 with the template-adjusted HCP-BC pipeline. The sec- 
ond main finding was that although the test-retest reliability of the raw 

T1w/T2w-ratio is poor, large improvements to reliability were achieved 
with the use of some intensity normalisation methods, whereas other 
methods resulted in lower test-retest reliability. 

The poor reproducibility of regional distributions seen for some 
datasets and processing pipelines can be an obstacle to for the myeloar- 
chitectonic parcellation of the cerebral cortex if not sufficiently ac- 
counted for, for example using N4ITK bias correction or the template- 
based correction method in the HCP-MPP pipeline. This is likely caused 
by B1 + field inhomogeneities that are not cancelled when taking the ra- 
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Table 5 

Summary statistics for T1w/T2w N4-All after intensity normalisation, including mean T1w/T2w-ratio values, percentage coefficients of variation, intraclass correlation 
coefficients for median T1w/T2w-ratio value, whole-cortex percentage laterality indices averaged across individuals, and Spearman rank correlations with the YA-BC 
and YA-B1 + reference datasets. 

N4-All -FCM N4-All -GMM N4-All -KDE N4-All - LSQ N4-All - N&U N4-All - RAVEL N4-All - WS N4-All - ZS 

Mean T1w/T2w-ratio NOR-MR750 0.60 0.66 0.64 1.09 3.08 0.85 0.85 0.97 
NOR-Premier 0.60 0.67 0.65 0.91 2.26 0.84 0.85 0.97 

DONDERS 0.60 0.62 0.77 0.82 1.67 0.88 0.87 0.96 
HCP 0.52 0.54 0.57 0.86 1.60 0.81 0.81 0.96 

Total (Mean) 0.58 0.62 0.65 0.92 2.15 0.85 0.85 0.97 

Cofficient of variation (%) NOR-MR750 7.59 7.60 7.72 7.77 15.73 6.20 5.85 5.59 
NOR-Premier 7.23 7.32 7.55 7.95 9.11 5.92 5.79 5.58 

DONDERS 6.26 6.52 7.09 6.59 10.88 4.90 4.75 4.50 
HCP 6.40 6.49 8.54 6.71 10.80 5.17 5.35 4.95 

Total (RMS) 6.89 7.00 7.74 7.28 11.89 5.57 5.45 5.17 

Intraclass correlation coefficient NOR-MR750 0.91 0.88 0.69 0.98 0.94 0.71 0.81 0.99 
NOR-Premier 0.94 0.92 0.78 0.98 0.97 0.76 0.86 0.99 

DONDERS 0.89 0.80 0.87 0.95 0.93 0.83 0.90 0.97 
HCP 0.89 0.86 0.85 0.96 0.96 0.83 0.86 0.96 

Total (Mean) 0.91 0.86 0.80 0.97 0.95 0.78 0.86 0.98 

Laterality Index (%) NOR-MR750 1.03 1.03 1.03 1.03 1.35 0.15 0.23 0.17 
NOR-Premier 0.07 0.07 0.07 0.07 0.09 0.00 0.04 0.03 

DONDERS − 0.38 − 0.38 − 0.38 − 0.38 − 0.81 − 0.15 − 0.11 − 0.09 
HCP − 0.12 − 0.11 − 0.12 − 0.12 − 0.16 − 0.12 − 0.05 − 0.04 

Total (RMS) 0.55 0.55 0.55 0.55 0.79 0.12 0.13 0.10 

Correlation with YA-BC NOR-MR750 0.58 0.58 0.58 0.58 0.49 0.46 0.56 0.61 
NOR-Premier 0.57 0.57 0.57 0.57 0.56 0.54 0.58 0.62 

DONDERS 0.47 0.47 0.47 0.47 0.46 0.35 0.51 0.49 
HCP 0.71 0.71 0.71 0.71 0.69 0.72 0.72 0.72 

Total (Mean) 0.58 0.58 0.58 0.58 0.55 0.52 0.59 0.61 

Correlation with YA-B1 + NOR-MR750 0.70 0.70 0.70 0.71 0.65 0.60 0.69 0.69 
NOR-Premier 0.73 0.73 0.73 0.74 0.72 0.70 0.74 0.74 

DONDERS 0.63 0.63 0.63 0.63 0.60 0.50 0.66 0.65 
HCP 0.82 0.82 0.82 0.82 0.78 0.77 0.82 0.82 

Total (Mean) 0.72 0.72 0.72 0.72 0.69 0.64 0.73 0.72 

tio. In these cases, N4ITK bias correction improves the correspondence 
with the B1 + adjusted reference dataset. Based on this, we propose that 
studies on the T1w/T2w-ratio should as a first step calculate correlations 
between the data and well-validated cortical myelin maps from the liter- 
ature. We also recommend the use of on-scanner B1- field correction and 
dedicated sequences to calculate B1 + field maps in order to account for 
both receive and transmit field inhomogeneities. In the event that field 
maps are not available, our findings suggest that residual field inho- 
mogeneities can be attenuated with data-driven bias correction where 
N4ITK bias correction is associated with the highest correspondence to 
B1 + adjusted reference data. However, care must be taken since bias 
correction can also reduce correspondence with the expected regional 
distributions depending on the intensity inhomogeneity profile of the 
dataset. 

Low test-retest reliability is an obstacle for studies investigating 
group differences in the T1w/T2w-ratio or its associations with vari- 
ables of interest. Some intensity normalisation methods improved test- 
retest reliability considerably, but others had a marginal effect and some 
even had the paradoxical effect of lowering reliability. Our results sug- 
gest that the best performance is given by the WhiteStripe and Z-score 
intensity normalisation methods. 

4.1. The role of data acquisition: scanner and sequence 

The best results were seen with the MPRAGE pulse sequence (NOR- 
Premier, Donders, HCP), independently of scanner vendor. This could 
indicate that MPRAGE is better suited than the BRAVO pulse sequence 
for cortical T1w/T2w-ratio mapping. Even so, by means of bias field cor- 
rection and intensity normalisation, it was possible to achieve improved 
reproducibility of myeloarchitectonic distributions and test-retest relia- 
bility with BRAVO (NOR-MR750). As such, researchers using a different 

T1-weighted sequence than MPRAGE may achieve good T1w/T2w-ratio 
results with the use of appropriate post-hoc corrections in the processing 
pipeline. 

4.2. Bias field correction 

Given the susceptibility of the T1w/T2w-ratio to nonlinear field 
inhomogeneities, particularly those associated with the B1 + field, 
( Glasser et al., 2021 ; Glasser and Van Essen, 2011 ), we expected bias 
field correction to be one of the most influential correction factors. In 
line with this expectation, we found a major improvement in the cor- 
respondence between the NOR-MR750 dataset and the YA-BC dataset 
after N3 bias correction and a similar improvement in the correlation 
with the B1 + corrected YA-B1 + dataset after N4ITK bias correction. 
As the same type of on-scanner B1- field correction was performed in 
the NOR-MR750 dataset as for the NOR-Premier dataset, we ascribe 
these improvements to the reduction of field inhomogeneities caused 
by the B1 + field. However, we only saw minor improvements in the 
HCP dataset and in the NOR-Premier and Donders datasets the corre- 
spondence worsened with bias correction. This may indicate less initial 
field inhomogeneity due to scanner hardware differences or more effec- 
tive field inhomogeneity correction at the image reconstruction stage in 
these datasets. 

We found a greater improvement in the correlation between the 
NOR-MR750 dataset and the YA-BC reference after bias correction with 
N3 rather than N4ITK. For correlations with the new B1 + adjusted YA- 
B1 + reference, however, we found a greater improvement with N4ITK 

bias correction in the NOR-MR750 dataset. We observed moderately 
increased correlations between the HCP dataset and the YA-B1 + refer- 
ence after both N3 and N4ITK bias correction, but for the other datasets 
both N3 and N4ITK bias correction lowered correlations. Given that the 
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Fig. 3. CVs in each ROI of the HCP-MMP atlas for a selection of calculation methods without intensity normalisation. 

YA-B1 + reference has been corrected for intensity inhomogeneities at- 
tributable to the B1 + field, we conclude that N4ITK bias correction pro- 
vides the best data-driven bias correction approach of the two when 
residual field bias is present in the data. However, we caution against 
the use of either N3 or N4ITK bias correction in datasets with less inten- 
sity inhomogeneity, since bias correction may in this case worsen repro- 
ducibility. It is important that researchers seeking to use the T1w/T2w- 
ratio first compute correlations with well-validated datasets in order to 
assess the presence of intensity inhomogeneity in the data before decid- 
ing on the bias correction strategy. 

The greatest reduction of the correlations with the YA-BC and YA- 
B1 + references in the NOR-Premier and Donders datasets was seen with 
N4ITK bias correction. The principal difference between the N3 and 
N4ITK algorithms is the B-spline smoothing strategy and the iterative 
optimisation approach. Whereas the N3 algorithm estimates the total 

bias field in each iteration, the N4ITK algorithm estimates the residual 

bias field from the corrected image from the previous iteration. While 
this has been considered to give better convergence properties for the 
algorithm, it may also be more aggressive than N3 bias correction. This 
could explain the tendency of the N4ITK algorithm to worsen correspon- 
dence with the reference datasets, especially in regions of the cortex 
where low T1w/T2w-ratio values were expected. It is also possible that 
the choice of N4ITK parameters negatively affected these results, but 
a thorough exploration of the N4ITK parameter space was outside the 
scope of the present study. Given the importance of bias field correction 

to the reproducibility of the NOR-MR750 dataset, and its paradoxical 
results of lowering correspondence with the expected T1w/T2w-ratio 
distributions in the NOR-Premier and Donders datasets, we encourage 
researchers to investigate these questions in more detail in future stud- 
ies. 

While T1w/T2w HCP-Raw 

neither improved the large laterality in- 
dices of the NOR-MR750 dataset nor the low correlations with the 
YA-BC or the YA-B1 + reference datasets, the highest correlations were 
seen with the T1w/T2w HCP-BC pipeline. The poor performance of the 
T1w/T2w HCP-Raw 

is likely due to the lack of bias field correction in this 
pipeline, with the result that residual field inhomogeneities, particu- 
larly those caused by the B1 + field, remain in the T1w/T2w HCP-Raw 

maps and consequently lead to poor correspondence with the refer- 
ence datasets. In contrast, the HCP-BC pipeline employs a combined 
bias correction and intensity normalisation method using the smoothed 
difference between individual T1w/T2w-ratio maps and the population- 
average Conte69 template. This results in a non-linear correction of the 
T1w/T2w HCP-Raw 

maps where low-frequency local deviations from the 
Conte69 template are removed directly. Importantly, the YA-BC refer- 
ence dataset was also created using the HCP-BC pipeline and it is there- 
fore not surprising that the highest correlations to the YA-BC reference 
was seen with the HCP-BC pipeline. These factors complicate the com- 
parison with the other bias correction methods, since both N3 and N4ITK 

bias correction are data-driven methods invoking few assumptions about 
the expected distributions of the final maps. 
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Fig. 4. Box plots of whole-cortex CVs for each participant grouped by processing method and dataset. Four outlier values (CVs > 35%) from two participants were 
not depicted for visualisation reasons. Their values were 38% and 46% for T1w/T2w Raw and 43% and 36% for T1w/T2w N3-All both after N&U intensity normalisation. 

4.3. Test-retest reliability before intensity normalisation 

We found overall low test-retest reliability of the T1w/T2w-ratio 
across all datasets and for most of the processing pipelines. The 
lowest whole-cortex CVs were achieved with T1w/T2w HCP-Raw 

, while 
global reliability as measured with ICC Median remained poor. We ex- 
pected lower test-retest reliability with longer scan-rescan interval. This 
was in line with the lower test-retest reliability of the HCP dataset 
(CV Cortex = 10.41% for T1w/T2w Raw 

) which had a mean scan-rescan 
interval of 3.85 months compared to the Donders dataset which used 
similar acquisition parameters but acquired scan-rescan pairs on the 
same day and showed higher test-retest reliability (CV Cortex = 8.56% 

for T1w/T2w Raw 

). However, we also found low test-retest reliability 
(12.30% for T1w/T2w Raw 

) with the NOR-MR750 dataset where CV Cortex 
was calculated on the basis of same-day scan-rescan pairs in two sessions 
with only a two week scan-rescan interval. 

Test-retest reliability did not improve after bias field correction and, 
even decreased after N4ITK bias correction in three of the datasets. 
This might indicate a drift of intensities during bias field correction, 
which could also be reflected in the increased means of T1w/T2w N4 
and T1w/T2w N4-All ( Table 2 ) for two of the datasets. We also saw a 
broad range of ICC Median , a measure of global test-retest agreement in 
the T1w/T2w-ratio maps, with values from 0.13 for the NOR-MR750 
dataset to 0.90 for the NOR-Premier dataset. This variability may 
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Fig. 5. Box plots of ICCs for each ROI grouped by processing method and dataset. 

indicate scanner differences in individual transmit and receive gain 
settings determined during prescan. This may lead to global inten- 
sity drift that make inter-subject comparisons without intensity nor- 
malisation difficult if not impossible. It is noteworthy that some 
pipelines, such as T1w/T2w HCP-Raw 

decreased ICC Median in three of the 
datasets. 

4.4. Test-retest reliability after intensity normalisation 

There were major differences between intensity normalisation meth- 
ods. Some methods, in particular WhiteStripe and Z-score, improved the 
test-retest reliability considerably relative to T1w/T2w Raw 

. The similar- 

ity between WhiteStripe and RAVEL is likely due to WhiteStripe be- 
ing performed as part of the RAVEL procedure. Despite improvements 
in the total whole-cortex CVs with RAVEL, ICC Median was low for the 
NOR-MR750 dataset at 0.71 for T1w/T2w N4-All , whereas more consis- 
tent results were found with WhiteStripe normalisation. We observed 
the best numerical results with Z-Score normalisation, possibly the most 
straightforward method, yielding a total whole-cortex CV of 5.17% for 
the T1w/T2w N4-All pipeline. Some intensity normalisation procedures 
yielded poor results for test-retest reliability, in particular one previ- 
ously proposed method, N&U ( Nyúl and Udupa, 1999 ), led to total CVs 
across datasets of 14.18% when applied to T1w/T2w Raw 

which was 
higher than the CV of 10.13% for T1w/T2w Raw 

. 
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Fig. 6. Box plots of mean laterality indices for each participant grouped by processing method and dataset. 

4.5. Outlier and partial volume corrections 

Partial volume correction had only marginal effects on the repro- 
ducibility and reliability of T1w/T2w-ratio maps. Nevertheless, in large 
datasets the variable of interest may exert small but systematic partial 
volume effects, as in the ageing brain where the intensity contrast used 
to separate cortex and non-cortex is known to be affected. In such cases, 
partial voluming can become more influential ( Shafee et al., 2015 ). 
Given these considerations, we decided to still include partial volume 
correction in the reliability tests. It is worth pointing out that the out- 
lier correction method used in this study was used in the early versions 
of the HCP-MPP, but was later removed when it was found that sub- 
millimetre resolution alleviated the need for it due to fewer artefactual 

vertex-wise values caused by misregistration of the T1w and T2w im- 
ages and surface reconstruction errors ( Glasser et al., 2013 ). This is in 
line with our findings in the analyses on high-resolution data. Nonethe- 
less, we considered outlier correction to still be relevant to evaluate in 
our study, given that we conformed images to 1 mm isotropic resolu- 
tion to ensure generalisability of our findings to clinical studies where 
1 mm resolution is still the norm. Furthermore, the unstable numerics 
of the T1w/T2w-ratio can yield extreme values whenever T2w image 
intensities are close to zero. Given that the vertex-wise method used in 
this study is resource intensive it may be advantageous to base outlier 
correction on individual T1w/T2w-ratio histograms in large datasets. 
Since we conformed images to 1 mm isotropic resolution, this correc- 
tion may have been avoidable if high resolution images had been used. 
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Furthermore, since the vertex-wise method used in this study is resource 
intensive it may be advantageous to base outlier correction on individ- 
ual T1w/T2w-ratio histograms in large datasets. 

4.6. Impact of correction methods on the interpretation of results 

Taken together, our findings point to the benefit of optimised 
T1w/T2w-ratio processing depending on the specific properties of the 
input data, but there are potential drawbacks, particularly for the in- 
terpretation of results of clinical analyses. Ideally, correction methods 
reduce both intensity bias and noise in the measurements, while retain- 
ing as much biological variation as possible. However, most intensity 
normalisation methods use signal variation in control regions to adjust 
variation in the region under study (e.g. the cerebral cortex) which in- 
troduces a dependence on intensity values in the control region. In our 
study, the two intensity normalisation methods with the best perfor- 
mance, WhiteStripe and Z-score normalisation, use variation in normal- 
appearing WM and the whole brain respectively, which may cause con- 
founding by these control regions when they are used to adjust the in- 
tensities in the rest of the image. 

As a practical example, consider a study of group differences in cor- 
tical T1w/T2w-ratio values in individuals who have a clinical condition 
where white matter myelination is also affected, for example multiple 
sclerosis, where normal-appearing WM has also been shown to be af- 
fected ( Beer et al., 2016 ; Cooper et al., 2019 ; Granziera et al., 2021 ). In 
such cases confounding is likely and should be taken into account when 
the intensity normalisation method and control region is chosen. Other- 
wise, dependence on the control region may introduce spurious group 
differences in the cerebral cortex or obfuscate true effects. It is important 
to note here that it may not be possible to completely circumvent such 
limitations when employing relative non-dimensional measures such as 
weighted MRI intensities. This has been taken as an argument for the use 
of quantitative MRI techniques ( Edwards et al., 2018 ; Weiskopf et al., 
2021 ). Still, when such data are not available, our results suggest that 
intensity normalisation can improve test-retest reliability and facilitate 
inter-subject comparisons with conventional T1w and T2w sequences, 
with the caveat that researchers should examine their assumptions about 
the independence of their biological variables of interest with respect to 
control regions in order to substantiate their results. 

Regarding bias field correction, it is less straightforward to predict 
how this affects the interpretation of results. For the N3 and N4ITK bias 
correction methods, low spatial frequencies are identified and removed 
from the image. While it is possible to constrain global intensity shifts, 
the dependence between local intensities within the cerebral cortex and 
other brain tissue is harder to assess and it is possible that individual 
variation in the region of interest is removed or that spurious varia- 
tion is introduced with these correction methods. This issue might be 
addressed through the development of bias field correction methods 
that adjust intensities in the cerebral cortex only on the basis of the 
shared estimated field between the cerebral cortex and white matter. 
We encourage researchers looking to acquire data for studies on the 
T1w/T2w-ratio to perform on-scanner B1- field correction and to obtain 
dedicated B1 + field maps, for example using Actual Flip angle Imag- 
ing ( Yarnykh, 2007 ). In the recent preprint from Glasser et al. (2021) , 
such B1 + field maps were used to attenuate the effects of B1 + field in- 
homogeneity on the T1w/T2w-ratio. Interestingly, they also introduce 
a pseudo-transmit field correction method which relies on more com- 
monly available spin echo and gradient echo sequences. Our results indi- 
cate that in situations where such field maps are not available, the N4ITK 

algorithm provides an effective alternative which can greatly improve 
the reproducibility of the regional distribution of the T1w/T2w-ratio 
values as expected from the myeloarchitectonic literature. 

4.7. Impact of image resolution on results 

We found that whole-cortex CVs improved when high-resolution 
data was used. This is in line with previous findings that higher resolu- 

tion images are advantageous for T1w/T2w-ratio mapping ( Glasser and 
Essen, 2011 ). This improvement is likely a result of the more accurate 
surface reconstruction afforded by the higher resolution data. We there- 
fore advise that high-resolution data is used, insofar as it is possible, in 
studies on the T1w/T2w-ratio. However, we acknowledge that practi- 
cal constraints may prevent the acquisition of high-resolution structural 
MRI. Importantly, longer acquisition times may increase the influence 
of head movement, which for clinical studies, where patients often tend 
to move more in the scanner than controls, can be a major confound 
( Reuter et al., 2015 ). For the mean T1w/T2w-ratios, ICCs, laterality in- 
dices, and correspondence with the reference T1w/T2w-ratio datasets, 
the effect of resolution was marginal. This suggests that while test-retest 
reliability may be improved with higher resolution data reproducibility 
and global T1w/T2w-ratio shifts are mainly driven by properties of the 
data other than resolution. 

4.8. Strengths and limitations 

Strengths of the present study include the use of test-retest datasets 
acquired on four different scanners across scanner models and vendors 
with a large total number of scan-rescan pairs in a test-retest context. 
The datasets that were included in this study are highly suited to ad- 
dress questions of reproducibility and reliability. We implemented a 
large variety of previously proposed processing methods within a stan- 
dardised framework which allowed for the harmonised processing of 
each dataset. One such standardisation procedure was to downsample 
high resolution datasets in order to ensure the generalisability of our 
findings to typically available datasets with the more commonly used 
voxel resolution of 1 mm isotropic. We also included the HCP Minimal 
Processing Pipeline as a reference processing pipeline, which is widely 
used and considered state-of-the-art. Finally, each processing method 
was compared directly with two reference datasets in order to quan- 
tify the correspondence between T1w/T2w-ratio maps. This facilitates 
the generalisability of results and allows for direct comparison across 
processing pipelines. 

As reviewed in the introduction, T1w and T2w image intensities 
are inherently non-quantitative as voxel intensity values do not rep- 
resent direct and dimensionful measurements of biophysical proper- 
ties. In this context, segmentation-based methods may be particularly 
powerful in providing measures that may be less sensitive to spurious 
inter-individual variation ( Rowley et al., 2015 ; Viviani et al., 2017 ). In 
the present study, the focus was on the cortical T1w/T2w-ratio as an 
independent measure with the main focus on myeloarchitectonic par- 
cellation and direct inter-subject comparisons. As such, questions re- 
garding its use in segmentation-based approaches and correspondence 
with other measures of cortical myelin such as T1 relaxometry were 
not investigated. Future studies should investigate segmentation-based 
approaches and whether different T1w/T2w-ratio processing methods 
affect its validity for cortical myelin mapping through correlations with 
quantitative myelin measures. Notably, Shams et al. (2019) found high 
correlations between R1 maps and the T1w/T2w-ratio with the greatest 
deviations observed in regions where the B1 + field deviated the most 
from its nominal value. For segmentation and cortical reconstruction, 
we used FreeSurfer and the HCP-MPP, also based on FreeSurfer, as these 
are the most commonly used software suites for surface-based analyses 
and the cortical T1w/T2w-ratio. It is possible that other cortical seg- 
mentation methods would yield different results, but a systematic com- 
parison of such methods was outside the scope of our study. 

While the present study focused on the cortical T1w/T2w-ratio, an 
interesting question is how the different processing pipelines presented 
affect the whole-brain T1w/T2w-ratio, though the T1w/T2w-ratio in 
non-cortical regions may present its own set of challenges ( Arshad et al., 
2017 ; Hagiwara et al., 2018 ; Uddin et al., 2018 , 2019 ). Another lim- 
itation of this study is the long scan-rescan interval of the HCP test- 
retest dataset (mean = 3.85 months; range = [2–5]). This was partially 
addressed by excluding those with scan-rescan interval greater than 6 
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months, but the scan-rescan interval remained greater than those of the 
other datasets. Finally, the datasets included in this study were com- 
posed of healthy individuals and it is possible that the outcomes might 
be different when applying these methods in clinical studies. 

Conclusion 

We recommend that future studies using the T1w/T2w-ratio for 
myeloarchitectonic parcellation assess the reproducibility of cortical 
myelin distributions by direct comparison with datasets that correspond 
closely with the expected myeloarchitectonic distributions, such as the 
YA-B1 + dataset, or atlases based on histological cortical myelin maps. 
For researchers planning to acquire data for studies on the T1w/T2w- 
ratio, we recommend that they carefully assess the scan-rescan stability 
of the head coil, perform on-scanner B1- field correction, and acquire 
scans suitable for estimating the B1 + field to correct for transmit field 
inhomogeneities. However, in the presence of field inhomogeneities ob- 
scuring the expected regional distributions of the T1w/T2w-ratio, bias 
field correction should be used and its performance quantified. Our find- 
ings suggest improved performance with the N4ITK algorithm, but this 
depends on the inhomogeneity profile of the specific dataset, in partic- 
ular that of the B1 + field. We also found that high resolution ( < 1 mm) 
data performed better than data downsampled to 1 mm resolution, and 
we recommend that images used for T1w/T2w-ratio mapping are ac- 
quired at high resolution whenever possible. We demonstrated that the 
test-retest reliability of the raw T1w/T2w-ratio is poor, which reduces 
the ability to test group differences or associations with clinical vari- 
ables. Intensity normalisation methods can be used to improve reliabil- 
ity; the caveat being that choice of method may also affect the interpre- 
tation of results. 
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Supplementary Materials

Supplementary Figure 1. T1w/T2w-ratio distributions for each participant for a selection of processing 

methods without intensity normalisation. Adjacent distributions with the same colour represent each 

acquisition for that participant. I.e. two sessions with two test-retest acquisitions for each NOR-MR750 and 

NOR-Premier participant, and a pair of test-retest acquisitions for each Donders and HCP participant.



Supplementary Figure 2. T1w/T2w-ratio distributions for each participant after intensity normalisation. 

Adjacent distributions with the same colour represent each acquisition for that participant. Ideally, after 

intensity normalisation there should be minimal difference between adjacent distributions of the same colour 

while variation across the non-adjacent distributions and those of different colours should be retained.



Supplementary Figure 3. T1w/T2w-ratio distributions for each participant after intensity normalisation. 

Adjacent distributions with the same colour represent each acquisition for that participant. Ideally, after 

intensity normalisation there should be minimal differencd between adjacent distributions of the same colour 

while variation across the non-adjacent distributions and those of different colours should be retained.



Supplementary Figure 4. T1w/T2w-ratio distributions for each participant after intensity normalisation. 

Adjacent distributions with the same colour represent each acquisition for that participant. Ideally, after 

intensity normalisation there should be minimal difference between adjacent distributions of the same colour 

while variation across the non-adjacent distributions and those of different colours should be retained.



Supplementary Figure 5. T1w/T2w-ratio distributions for each participant after intensity normalisation. 

Adjacent distributions with the same colour represent each acquisition for that participant. Ideally, after 

intensity normalisation there should be minimal difference between adjacent distributions of the same colour 

while variation across the non-adjacent distributions and those of different colours should be retained.



Supplementary Figure 6. CVs in each ROI of the HCP-MMP atlas for a selection of calculation methods with 

intensity normalisation.



Supplementary Figure 7. CVs in each ROI of the HCP-MMP atlas for a selection of calculation methods with 

intensity normalisation.



Supplementary Figure 8. CVs in each ROI of the HCP-MMP atlas for a selection of calculation methods with 

intensity normalisation.



Supplementary Figure 9. CVs in each ROI of the HCP-MMP atlas for a selection of calculation methods with 

intensity normalisation.



Supplementary Figure 10. ICCs in each ROI of the HCP-MMP atlas for a selection of calculation methods.



Supplementary Figure 11. ICCs in each ROI of the HCP-MMP atlas for a selection of calculation methods with 

intensity normalisation.



Supplementary Figure 12. ICCs in each ROI of the HCP-MMP atlas for a selection of calculation methods with 

intensity normalisation.



Supplementary Figure 13. ICCs in each ROI of the HCP-MMP atlas for a selection of calculation methods with 

intensity normalisation.



Supplementary Figure 14. ICCs in each ROI of the HCP-MMP atlas for a selection of calculation methods with 

intensity normalisation.



Raw-
Hires

HCP-Raw
Hires

HCP-BC
Hires

Mean
T1w/T2w-ratio

NOR-Premier 2.02 3.20 1.29

HCP 1.25 1.81 1.30

Total (Mean) 1.63 2.50 1.29

Cofficient of
variation (%)

NOR-Premier 6.68 5.34 13.60

HCP 7.35 3.98 3.74

Total (RMS) 7.02 4.71 9.98

Intraclass
correlation
coefficient

NOR-Premier 0.93 0.59 0.54

HCP 0.73 0.69 0.55

Total (Mean) 0.83 0.64 0.54

Laterality
Index (%)

NOR-Premier 2.09 1.92 -0.10

HCP -0.16 0.14 -0.22

Total (RMS) 1.48 1.36 0.17

Correlation
with YA-BC

NOR-Premier 0.89 0.90 0.92

HCP 0.91 0.93 0.97

Total (Mean) 0.90 0.91 0.95

Correlation
with YA-B1+

NOR-Premier 0.87 0.90 0.88

HCP 0.76 0.77 0.88

Total (Mean) 0.82 0.84 0.88

Supplementary Table 1. Summary statistics for the high-resolution analyses, including mean T1w/T2w-ratio 

values, percentage coefficients of variation, intraclass correlation coefficients for median T1w/T2w-ratio value, 

whole-cortex percentage laterality indices averaged across individuals, and Spearman rank correlations with 

the YA-BC and YA-B1+ reference datasets.



HCP-Raw HCP-BC

Correlation
with YA-BC

NOR-MR750 0.22 0.93

NOR-Premier 0.90 0.92

DONDERS 0.79 0.96

HCP 0.94 0.99

Total (Mean) 0.71 0.95

Correlation
with YA-B1+

NOR-MR750 -0.05 0.77

NOR-Premier 0.91 0.89

DONDERS 0.97 0.91

HCP 0.77 0.88

Total (Mean) 0.65 0.86

Supplementary Table 2. Spearman rank correlations with the reference datasets for the HCP-MPP processing 

methods T1w/T2wHCP-Raw and T1w/T2wHCP-BC, where ROI-wise data was extracted directly from the FS_LR surface

rather than being transformed to fsaverage prior to extraction.
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