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Brain susceptibility imaging provides valuable
in vivo insights into cerebellar diseases, but
biological interpretations remain elusive

This scientific commentary relates to:
‘Quantitative susceptibility mapping re-
veals alterations of dentate nuclei in
common types of degenerative cerebellar
ataxias’ by Deistung et al. (https://doi.
org/10.1093/braincomms/fcab306).

The deep cerebellar nuclei are vital
to cerebellar function and connectivity
with the rest of the central nervous
system. Examining and tracking the
integrity of these structures are essen-
tial, but currently limited aspect of in
vivo neuroanatomical characteriza-
tion in most degenerative cerebellar
diseases. In this issue of Brain
Communications, Deistung et al." em-
ploy the MRI technique of quantita-
tive susceptibility mapping (QSM) to
provide compelling new insights into
the anatomy and microstructure of
the dentate nuclei across a range of in-
herited and idiopathic degenerative
cerebellar diseases.

The deep cerebellar nuclei are the
output hubs of the cerebellum, primar-
ily receiving inputs from the Purkinje
cells of the cerebellar cortex, and giv-
ing rise to efferent fibres projecting to
the cerebral cortex (via thalamus),
midbrain, brainstem and spinal cord.
In the human brain, the dentate nuclei
are by far the largest of the deep cere-
bellar nuclei and are key nodes in both
motor and non-motor cerebello-
cerebral circuits.? The post-mortem
histological investigations have pro-
vided the evidence of direct pathology
or reduced synaptic innervation of the
dentate nuclei in many degenerative
cerebellar diseases.’> However, in vivo

neuroimaging studies of the dentate
nuclei in patient populations remain
scarce, particularly  outside of
Friedreich ataxia.** Such studies are
critical to characterizing the relationship
between anatomical changes in the cere-
bellar nuclei and symptom severity,
identifying neuroimaging indicators of
disease stage and progression, and
where possible, enabling insights into
pathological mechanisms.

The scarcity of in vivo research re-
flects the challenges of quantitative
characterization of the deep cerebellar
nuclei. Their tissue properties render
them invisible or poorly defined on
conventional MRI images, such as
Ty-weighted or T,-weighted acquisi-
tions. Further, while the high iron con-
tent of the dentate nuclei does allow
them to be visualized using
susceptibility-weighted MRI—a tech-
nique commonly used clinically for
the qualitative detection of vascular
abnormalities or haemorrhages—this
approach is non-quantitative and
prone to artefacts (e.g. blooming).
These limitations have largely been
overcome through the development
of QSM.® QSM allows for more pre-
cise mapping of the boundaries of
iron-rich brain structures, including
the dentate nuclei, alongside empirical
study of the susceptibility coefficients
themselves. Susceptibility is widely re-
garded as a proxy for local iron con-
centration, but as the authors discuss,
the non-specific nature of this proxy
poses a challenge when interpreting

findings.

Deistung et al.' utilize QSM to
quantify dentate nucleus volume and
susceptibility in people with degenera-
tive cerebellar diseases, in many cases
providing first-in-disease in vivo de-
scriptions of these features. Their
work also includes several innovative
and important analytical advances.
First, they seek to delineate and ana-
lyse the outer grey matter shell of the
dentate nucleus independently to its
central white matter core. This can
only be approximated due to the reso-
lution constraints of the acquisition,
but moving closer to tissue-specific in-
ferences and respecting the anatomy of
the dentate nuclei—which is unique
relative to other structurally uniform
deep grey matter structures—is critical
to providing biologically informed de-
scriptions of disease features.

Second, in addition to deriving the
overall measures of dentate nucleus vo-
lume and susceptibility, the authors em-
ploy a voxel-level analysis approach
that allows for regionally targeted infer-
ence. This approach reveals the spatial
patterns of the effects, allowing the
authors to show that anatomical
changes in the dentate nuclei are spa-
tially non-uniform and distinct between
diseases. The increased richness of the
data that are generated also opens the
door for potential future applications
of more sophisticated or artificial
intelligence ~ augmented  analytical
approaches to, for example, identify
4D markers of disease progression.
Such analysis, in parallel with efforts
to improve automation of dentate
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nucleus segmentation, may offer excit-
ing possibilities for translation of QSM
to multi-centre and clinical trial
contexts.”

Finally, the authors analyse group
differences in susceptibility both with
and without volume correction.
Increased susceptibility is observed in
many neurodegenerative conditions,
and is generally interpreted as a mar-
ker of iron accumulation.® However,
mean susceptibility would similarly in-
crease if a fixed quantity of iron was
instead concentrated within a smaller
volume of tissue. Accounting for tissue
atrophy when comparing susceptibil-
ity values between clinical and control
groups putatively allows for the deter-
mination of changes in absolute iron
levels, as opposed to relative iron con-
centration. Such an analysis assumes a
one-to-one mapping between suscept-
ibility and iron concentration, which
as discussed below may not be entirely
tenable. But if accurate, such inferences
are compelling as they provide for rich
descriptions of disease expression and
progression, including molecular-level
insights, a holy grail of neuroimaging
coined ‘in vivo histology’.

Taken together, Deistung et al.'
provide new knowledge regarding the
integrity of the deep cerebellar nuclei,
and demonstrate the utility of QSM
in the neuroimaging toolkit for degen-
erative cerebellar diseases. But as
noted by the authors, determining the
biological underpinnings of suscept-
ibility signal changes in neurodegen-
erative diseases remains challenging.
Iron is considered the dominant source
of contrast in QSM and susceptibility
is well-correlated with iron levels in
grey matter structures. But in white
matter, susceptibility is also strongly
influenced by myelin content.” This is
important in the case of the dentate nu-
cleus, where the iron-rich region en-
compasses not only its grey matter
shell, but also the central white matter
core of the structure. Loss of myelin,
such as reported in the region of the
dentate nucleus and adjacent superior
cerebellar peduncle in Friedreich atax-
ia,"” would result in increased suscept-
ibility, indistinguishable from the effect
of iron accumulation on QSM images.

Different iron species (i.e. free versus
ferritin-bound versus haemosiderin-
bound) and iron in different oxidative
states [i.e. Fe(Il) versus Fe(Ill)] also
have different molecular susceptibil-
ities.” Shifts in the relative concentra-
tions of different iron species could
therefore lead to susceptibility changes
independent to changes in the total
iron pool. The influence of other para-
magnetic substances in the brain, such
as copper, also cannot be fully dis-
counted. Although the concentration
of copper in the brain is small com-
pared with iron, and copper would
only contribute to the susceptibility sig-
nal in its ionic Cu(Il) state, shifts in the
concentrations of these molecules may
also influence the susceptibility signal.
The influence of these factors on the
susceptibility signal, if any, in degen-
erative ataxias is currently unknown.

Susceptibility changes in degenera-
tive disorders may therefore be multi-
factorial, with iron-related alterations
a dominant but nonunique contribu-
tor. But the biological mechanisms
that drive local alterations in iron also
remain unclear. As highlighted by
Deistung et al.,' evidence from other
neurological conditions indicate that
cell-dependent mechanisms of iron
dysregulation, such as mitochondrial
dysfunction and impaired cellular
metabolism, may operate alongside
cell-independent processes including
the activation and trafficking of iron-
rich microglia to sites of pathology.'!

Multi-contrast neuroimaging ap-
proaches may be helpful in resolving
some of these biological uncertainties.
Pairing QSM with measures of myelin
integrity derived from diffusion or
magnetic transfer imaging,'® indices
of glial activity and neuronal health
from magnetic resonance spectro-
scopy, or markers of neuroinflamma-
tion using  positron  emission
tomography may help differentiate
the underlying processes.'” However,
definitively uncovering the biological
basis of susceptibility changes in these
disorders will ultimately require the
pairing of non-invasive imaging ap-
proaches with post-mortem histology.

Although interpreting the biophys-
ical basis of susceptibility changes
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remain challenging, Deistung et al.'
provide formative evidence towards
demonstrating its utility as a biomark-
er of the disease state. Indeed, multiple
pathological processes and epiphe-
nomena may be conspiring together
to elicit susceptibility changes in the
dentate nuclei, but this may ultimately
prove to be a strength rather than a
shortcoming of QSM. Their work
strongly motivates follow-up longitudi-
nal studies to determine the time course
and sensitivity of these measures to dis-
ease progression, and indicates that
greater focus on the integrity of the
deep cerebellar nuclei in degenerative
ataxias is essential to establish more
complete disease characterizations.
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