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Patterns of cerebral and
cerebellar white matter
degeneration in ALS
INTRODUCTION
The identiﬁcation of a core spatial pattern
of white matter pathology in amyotrophic
lateral sclerosis (ALS) is essential for the
development of MRI-based diagnostic
protocols. However, the description of
disease-deﬁning white matter changes is
confounded by the genetic, neuropsychological and clinical heterogeneity of ALS.
Over 50 diffusion tensor imaging (DTI)
papers have been published in ALS to
date, and while corticospinal tract and
corpus callosum involvement is invariably
highlighted, DTI studies are conﬂicting
regarding the degree of extramotor and
cerebellar white matter degeneration.
Nonetheless, there is an evolving recognition that motor disability in ALS is complicated by extrapyramidal dysfunction1
and cerebellar involvement.2 The notion,
that cerebellar pathology may contribute
to non-motor manifestations, such as
impairments in language, attention and
social cognition, is also increasingly recognised.3 Recently, cerebellar changes in
ALS and frontotemporal lobar degeneration (FTLD) have been speciﬁcally linked
with the C9orf72 hexanucleotide repeat
expansion,4 raising the question whether
cerebellar degeneration is an important
feature of C9orf72 negative ALS.

METHODS
In order to evaluate cerebellar white
matter involvement in ALS, a comprehensive DTI study has been carried out with
42 healthy controls, 27 cognitively intact
C9orf72 negative patients with ALS, and
nine patients with ALS carrying the
C9orf72 hexanucleotide expansion. All
patients tested negative for a panel of
other gene mutations implicated in ALS,
including FUS, SOD1, TARDBP, ANG,
VAPB, VCP, OPTN, SETX and ALS2. All
three study groups were matched for age
and patient groups were matched for
disease duration: C9orf72 negative ALS
group (n=27, mean age 59.7 (SD 10.6),
gender 13M/14F, mean disease duration
26.7 (SD 23) months), C9orf72 positive
ALS group (n=9, mean age 54.1 (SD
10.42), gender 7M/2F, mean disease duration 27.5 (SD 10.1) months), healthy
controls (n=42, mean age 59.6 (SD 9.46),
gender 22M/20F). All participants
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provided informed consent in accordance
to the Medical Ethics Approval of the
research project (Beaumont Hospital,
Dublin, Ireland). Participating patients
with ALS had probable or deﬁnite ALS
according to the El Escorial criteria. All
patients underwent detailed neuropsychological assessment, testing domains of
executive function, language, behaviour,
memory, phonemic and semantic ﬂuency,
and visuospatial function.
MR data were acquired on a 3 T Philips
Achieva system with gradient strength
80 mT/m and slew rate 200 T/m/s using
an eight-channel receive-only head coil.
DTI were acquired using a spin-echo
planar imaging (SE-EPI) sequence with a
32-direction Stejskal-Tanner diffusion
encoding scheme: ﬁeld of vision (FOV)
=245×245×150 mm, spatial resolution=
2.5 mm3, 60 slices with no interslice gap,
repetition time (TR)/echo time (TE)
=7639/59 ms, SENSE factor=2.5, b
values=0, 1100 s/mm2, with spectral presaturation with inversion recovery (SPIR) fat
suppression and dynamic stabilisation and
an acquisition time of 5 min 41 s.
Subsequent to Eddy current corrections
and brain extraction, fractional anisotropy
(FA), axial diffusivity (AD), mean diffusivity
(MD) and radial diffusivity (RD) images
were created by ﬁtting a tensor model to
the raw diffusion data. All participant’s data
were then aligned into a common space by
non-linear registration using the TractBased Spatial Statistics (TBSS) module of
the FSL image analysis suite. Following the
non-linear registration and skeletonisation,
each participant’s FA, MD, RD and AD
image was merged into a single fourdimensional image ﬁle and a mean FA
mask was created. Permutation-based
nonparametric inference was used for the
voxelwise comparison of diffusion parameters between the study groups controlling for age and gender, and applying the
threshold-free
cluster
enhancement
(TFCE) method. Additionally, comparisons of C9orf72 negative and positive
patients were corrected for disease duration. For the region-of-interest (ROI)
analyses, a skeletonised cerebellar white
matter mask was created based on the
study-speciﬁc mean FA skeleton, which
was masked by the cerebellar map of the
Montreal Neurological Institute (MNI)
probability atlas, thresholded at 50%.
Cerebellar ROI-based analyses were
carried out within this white matter mask.

RESULTS
Similarly to previous studies,5 the wholebrain analyses demonstrated that the white
matter regions that are primarily affected
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in C9orf72 negative ALS compared with
controls include the corticospinal tracts,
the bilateral white matter subjacent to the
primary motor cortices and the body of
the corpus callosum. These changes were
signiﬁcant at p<0.01 following TFCE corrections for FA and RD and at p<0.05 for
MD accounting for age and gender.
However, at the less stringent statistical
threshold of p<0.05, FA and RD also captured diffusivity differences in the cerebellum, brain stem, occipital lobes, opercular
and insular regions. Using the cerebellar
white matter mask for ROI analyses, bilateral, symmetrical cerebellar white matter
pathology was captured based on axial,
radial and MD values in the C9orf72 negative cohort (ﬁgure 1). Moreover, C9orf72
positive patients demonstrated multiple
cerebellar white matter regions with
decreased axial, mean and RD compared
with C9orf72 negative patients.

DISCUSSION
Our study conﬁrmed a core ALS white
matter signature; incorporating the corpus
callosum, corticospinal tracts and the precentral gyrus white matter and highlighted
additional cerebellar, brain stem and
occipital white matter changes. The key
ﬁnding of our study is that a relatively
homogeneous cohort of patients with ALS
, with no evidence of cognitive impairment, who tested negative for a comprehensive panel of ALS causing mutations,
demonstrated extensive cerebellar white
matter pathology in vivo.
While cerebellar white matter degeneration in ALS is likely to contribute to the
heterogeneous motor and neuropsychological deﬁcits observed clinically, relatively little speciﬁc attention has been paid
to cerebellar changes in ALS imaging
studies to date. Pathology studies have
focused primarily on cerebellar changes in
association with the C9orf72 hexanucleotide repeat expansion4; whereas our
results indicate that cerebellar changes
also occur in those with no known pathogenic genetic variants.
The main methodological limitation of
the study is using tract-based spatial statistics alone, which is an excellent tool to
explore voxelwise changes in white
matter integrity, but provides limited
information on alterations in corticocortical and corticobasal connectivity.
Therefore, additional studies combining
skeleton-based methods, tractography,
connectomic mapping and functional
techniques are required to comprehensively characterise the full spectrum of
cerebellar degeneration in ALS and its
clinical manifestations.
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Figure 1 Patterns of cerebellar white matter involvement in amyotrophic lateral sclerosis (ALS). Top half: cerebellar white matter changes in ALS
compared to healthy controls using a skeletonised cerebellar region-of-interest mask corrected for multiple comparisons, age and gender at p<0.05.
Bottom half: cerebellar white matter differences between C9orf72 negative and positive patients with ALS, accounting for age, gender and disease
duration. threshold-free cluster enhancement (TFCE) corrected at p<0.05 (AD, axial diffusivity; MD, mean diffusivity; RD, radial diffusivity).
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Paediatric neuromyelitis
optica: clinical, MRI of the
brain and prognostic features
ABSTRACT
Background Neuromyelitis Optica (NMO) is
a severe and rare inﬂammatory condition,
where relapses are predictive of disability.
Methods We describe a national paediatric
NMO cohort’s clinical, MRI, outcome, and
prognostic features in relation to Aquaporin-4
antibody (AQP4-Ab) status, and compared to
a non NMO control cohort.
Observations Twenty NMO cases
(females=90%; AQP4-Ab positive=60%;
median age=10.5yrs) with median followup=6.1yrs were compared to a national cohort
sample of known sequential AQP4-Ab
negative ﬁrst episode CNS acquired
demyelination cases (n=29; females=55%; all
AQP4-Ab negative; median age=13.6yrs). At
presentation, 40% NMO cases had unilateral
optic neuritis (ON); 20% bilateral ON; 15%
transverse myelitis (TM); 15% simultaneous
TM&ON; 10% Acute disseminated
encephalomyelitis. At follow up, 55% had a
clinical demyelinating episode involving the
brain; 30% of cases had abnormal brain MRI
at onset and 75% by follow up. NMO brain
scan lesions compared to controls were large
(>2 cm), acute lesions largely resolved on
repeat imaging, and often showed T1
hypointense lesions. Mean time to
relapse=0.76yrs (95% CI 0.43–1.1yrs) for
AQP4-Ab positive vs 2.4yrs in AQP4-Ab
negative cases (95% CI 1.1–3.6yrs). In
AQP4-Ab positive cases, 10/12 had visual
acuity<6/60 Snellen in ≥1 eye (0/8 AQP4-Ab
negative), and 3 AQP4-Ab negative cases
were wheelchair-dependent.

Conclusions In children, NMO is associated
with early recurrence and visual impairment in
AQP4-Ab positivity and physical disability in
AP4-Ab negative relapsing cases. Distinct MRI
changes appear more commonly and earlier
compared to adult NMO. Early AQP4-Ab
testing may allow prompt immunomodulatory
treatment to minimise disability.
INTRODUCTION
Neuromyelitis optica (NMO) is a severe
and rare inﬂammatory condition characterised by presence of optic neuritis (ON)
and transverse myelitis (TM) and distinct
from multiple sclerosis (MS).1 Permanent
disability is more attack-related than in MS.
Autoantibodies to the astrocytic water
channel protein aquaporin-4 (AQP4),
found in majority of cases, contribute to
astrocytic and myelin damage.1 We describe
the clinical, MRI, outcome and prognostic
features of paediatric onset NMO in relation to AQP4-Ab status.

METHODS
We conducted retrospective case ascertainment and case note review of paediatric
onset (<17 years) cases from the UK
national NMO service (http://www.nmouk.
nhs.uk) database (2009–2012), with ethical
approval as part of the UK NMO study. All
had testing for AQP4-Ab (cell-based assay).
Inclusion criteria were as in Wingerchuk
et al.2 Descriptive statistics, univariate associations and Kaplan-Meier lifetable analysis
were used to explore differences between
AQP4-Ab positive/negative cases. MRI scans
were reviewed at multidisciplinary meetings.
MRI brain characteristics were compared to
those of a national cohort sample of all
known AQP4-Ab negative ﬁrst episode
central nervous system-acquired demyelination cases and not satisfying Wingerchuk
criteria but with abnormal MRI brain scans.3

RESULTS
Twenty-two cases were ascertained and 20
met inclusion criteria (table 1); 18 (90%)
females and 12 (60%) AQP4-Ab positive.
Both excluded cases were AQP4-Ab positive, one had monophasic unilateral ON
(3 years follow-up) and one had two TM
attacks (5 years follow-up). No demographic features distinguished AQP4-Ab
positive from negative cases. The demyelination AQP4-Ab negative control cohort
(n=29) at 1 year had: acute disseminated
encephalomyelitis (ADEM) (4), ON (2),
acute TM (11) and MS (13) diagnoses. At
presentation, 8 (40%) NMO cases had
unilateral ON; 4 (20%) bilateral ON; 3
(15%) TM; 3 (15%) simultaneous TM
and ON; 2 (10%) ADEM. At last
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