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ABSTRACT

Objective: Progressive myoclonus epilepsy (PME) is a rare generalized epilepsy syndrome with a well-characterized genetic
basis. The brain networks that are affected to give rise to the distinctive symptoms of PME are less well understood.

Methods: Eleven individuals with PME with a confirmed genetic diagnosis and 22 controls were studied. MRI included diffusion
acquisition using 64 directions, b=3000s/mm?. Fixel-based analysis was used to identify white matter pathways with significant
abnormality in structural connectivity, with subsequent tract segmentation and analysis. Region-of-interest and whole-brain vol-
umetric analysis of T1-weighted images was performed. The relationship between structural connectivity measures and disease
duration, and Unified Myoclonus Rating Scale was assessed.

Results: Analysis of structural connectivity revealed significantly reduced fiber density and fiber bundle cross-section in white
matter tracts in individuals with PME, with the most severe involvement of tracts within the cerebello-thalamo-cortical net-
work, particularly the cerebello-thalamic, thalamo-cortical, cortico-thalamic, and corticospinal tracts, as well as the splenium of
the corpus callosum. By comparison with these abnormalities, cortico-cortical association pathways were relatively preserved.
There was reduced volume in the cerebellum, thalamus, brainstem, and mid-anterior corpus callosum.

Interpretation: Individuals with PME have atrophy and changes in fiber tracts that predominantly affect the cerebello-thalamic
and motor systems, likely reflecting neuronal and axonal loss as part of a degenerative process. This imaging pattern is distinc-
tive and accords well with the characteristic clinical, neuropathological, and neurophysiological features of the PMEs. The mech-
anism by which the PME genes affect these tracts is not yet known.

1 | Introduction disturbance. Onset is typically in later childhood or adoles-

cence, and the clinical phenotype can cause significant func-

Progressive myoclonus epilepsy (PME) is a rare generalized epi-
lepsy syndrome, clinically characterized by progressively wors-
ening myoclonus, tonic-clonic seizures, and ataxia [1]. Although
a spectrum of severity exists across the various types of PME,
overall this syndrome represents one of the most devastating
forms of epilepsy. Progressive neurological deterioration is seen,
often associated with cognitive decline and neuropsychiatric

tional impairment. For most types of PME, there are currently
no disease-modifying therapies, and the prognosis is generally
poor, with significantly reduced life expectancy.

Recent advances in molecular genetics have improved under-
standing of the genetic etiology of PME, with a molecular di-
agnosis reached in approximately 80% of cases [2, 3]. However,
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the brain networks that are affected to give rise to the dis-
tinctive clinical phenotype of PME are not well understood.
Human histopathological data are limited [4, 5]. In the arche-
typical and most common form of PME, Unverricht Lundborg
disease (ULD), there is loss of Purkinje cells in predominantly
the posterior lobe of the cerebellum [6]. Animal models show
severe loss of cerebellar granule cells due to apoptosis, and
gliosis within the hippocampus, entorhinal cortex, neocor-
tex, and striatum [7, 8]. Voxel-based morphometry studies in
individuals with ULD have shown volume loss in bilateral
cortical motor areas and thalamus [9]. Proton magnetic res-
onance spectroscopy studies revealed significant brain me-
tabolite abnormalities involving brainstem and cerebellum,
basal ganglia, thalamus, insula, and the occipital lobe [10, 11].
Cortical hyperexcitability, demonstrated by increased cortical
somatosensory-evoked potentials (giant-evoked potentials)
and transcranial magnetic stimulation (TMS) markers of
motor excitability (increased intracortical motor excitability),
is well established in individuals with PME [12, 13]. However,
exact mechanisms or networks generating the characteristic
PME phenotype are yet to be elucidated.

To the best of our knowledge, there has been only one study
investigating white matter tract abnormalities in humans with
PME, limited to participants with ULD [14]. This study, which
used diffusion tensor imaging (DTI)-based metrics, reported
widespread abnormality throughout white matter tracts. DTI-
based metrics (such as fractional anisotropy, mean, and radial
diffusivity) are inherently voxel-averaged and cannot provide
accurate measures of structural connectivity in voxels contain-
ing crossing fiber populations, a situation encountered in most
white matter voxels [15]. This may impact the interpretation of
results [16]. More advanced diffusion-weighted imaging (DWI)
models address this issue by resolving multiple fiber popula-
tions within a single voxel. Fixel-based analysis (FBA, where
fixel refers to a specific fiber population within a voxel) is an
advanced DWI analysis technique, which not only resolves
multiple fiber populations within voxels but also ensures that
quantitative metrics to be derived for each specific fiber popula-
tion, thus enabling identification of the specific fiber structures
affected, even in crossing fiber regions. No studies to date have
investigated white matter pathway abnormalities in PME using
advanced DWI analysis models such as FBA.

In this study, we aimed to identify which brain regions and net-
works are most affected in PME using both FBA and volumetric
analysis, hypothesizing that in PME, the most severely affected
tracts and brain regions are in the motor system and cerebel-
lum, consistent with the characteristic progressive ataxia and
stimulus-sensitive myoclonus.

2 | Methods
2.1 | Participants

Participants with a confirmed diagnosis of PME were recruited
through the Austin Hospital (Melbourne, Australia) and from
nationwide centers on the basis of previous clinical referrals and
review at our center. Inclusion criteria were a clinical diagnosis of
PME with a confirmed genetic etiology and no contraindication

to having an MRI scan. Twelve subjects were recruited for the
study; one subject was not able to tolerate the scan due to the
severity of myoclonus, and thus 11 individuals with PME were
included in the study. MRI scans were reviewed through visual
inspection for all participants to assess data quality.

Healthy control participants were selected from previously
acquired DWTI control data obtained at our facility. For each
case, two healthy controls were selected and matched for sex,
age (+7years), and the MRI scanner on which imaging was ob-
tained. Twenty-two healthy controls were selected.

The Austin Health Human Research Ethics Committee at the
Austin Hospital, Melbourne, Australia approved this study
(Project No. H2012/04475). Written informed consent was ob-
tained from all participants.

2.2 | Clinical Assessment

Participants with PME were clinically assessed by an epilepsy
neurologist (J.C.) immediately prior to MRI scan acquisition.
The severity of myoclonus was assessed using the Unified
Myoclonus Rating Scale (UMRS), a validated myoclonus assess-
ment scale [17]. To minimize the impact of movement artifact
due to myoclonus at the time of MRI acquisition, scans were
conducted in a low-stimulus environment, with extra time al-
lowed to facilitate participant acclimatization. A trial run in a
mock-scanner environment was offered to all participants. All
participants were on their regular antiepileptic medications at
the time of imaging.

2.3 | MRI Data Acquisition

MRI data were acquired at 3T on a Siemens Skyra with a
32-channel head coil receiver (Erlangen, Germany). High angu-
lar resolution diffusion imaging (HARDI) data were acquired
on the Skyra with the following parameter set (64 diffusion-
weighted images at b=3000s/mm? and 8 b=0s/mm? images,
voxelsize =2.5mm?3, TR/TE =8800/110 ms, length of DWIacqui-
sition=9min). Isotropic T1l-weighted magnetization-prepared
rapid acquisition gradient echo (MPRAGE) images (voxel
size=0.9mm?3, TR/TE=1900/2.5ms, inversion time=900ms,
flip angle=9° acquisition matrix=256x256x192) were also
acquired from all participants for volumetric analysis.

2.4 | DWI Processing

All DWI data were preprocessed and analyzed using MRtrix3
[18]. Preprocessing of diffusion-weighted images included the
following steps: denoising [19], Gibbs ringing removal [20], eddy
current correction, motion correction, bias field correction [21],
and upsampling. Eddy current and motion correction were per-
formed using FSL's “eddy” tool [22].

The potential for motion artifact due to the stimulus-sensitive
myoclonus and impaired motoric control associated with PME
was recognized and addressed in the analysis. Estimates of
single-subject average absolute motion were obtained using
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eddy QC tools [23] and included in statistical analysis as a nui-
sance regressor.

Fiber orientation distribution (FOD) functions were calculated
using single-shell 3-tissue constrained spherical deconvolution
(SS3T-CSD) using MRtrix3Tissue (https://3Tissue.github.io), a
fork of MRtrix3 [18], with group-averaged response functions
for white matter, gray matter, and CSF [24]. Joint bias field and
intensity normalization were then performed. A study-specific
FOD template was created using a randomly selected subset of
participants (10 cases, 10 controls). FOD images from all par-
ticipants were then registered to this unbiased template using
FOD-guided, nonlinear registration [25].

The FBA framework was applied, with measures of apparent
fiber density (FD), fiber bundle cross-section (FC), and the com-
bined metric of fiber density and cross-section (FDC) obtained
for each subject at each white matter fixel.

2.5 | Tract Segmentation

White matter bundle segmentation was performed on the study-
specific FOD template using TractSeg [26], with 72 white matter
tracts extracted for tract-based post hoc analysis.

2.6 | T1Imaging Processing

Volumetric analysis was performed using the FreeSurfer v6
image analysis suite (http://surfer.nmr.mgh.harvard.edu) [27].
Volumetric T1-weighted images were automatically processed
with the longitudinal stream in FreeSurfer [28]. Subcortical and
cerebellar brain structures were segmented automatically from
the T1-weighted images. Absolute volumetric data for 16 iden-
tified brain regions of interest (ROI), as well as total brain vol-
ume and intracranial volume, were calculated using automated
methods.

2.7 | Statistical Analysis
2.71 | Whole-Brain FBA

Whole-brain fixel-based analyses of fixel-based metrics (FD,
FC, and FDC) were performed using a general linear model,
comparing individuals with PME to controls. Age, intracranial
volume, and estimated participant motion were included as co-
variates. Family-wise error (FWE)-corrected p values were then
assigned to each fixel using nonparametric permutation testing
over 5000 permutations. A subgroup whole-brain FBA of the
most common type of PME in our cohort (ULD) was also con-
ducted, comparing individuals with ULD to controls.

2.7.2 | White Matter Tract Analysis

To determine the white matter tracts most affected in PME, tract
segmentations for each white matter bundle were converted to
fixels, and the percentage of significantly affected fixels was
calculated (significantly affected fixels/total fixels in a given

white matter bundle x 100). We defined severely affected tracts
as those tracts with greater than 40% of fixels affected within
the tract, and minimally affected tracts as those tracts with less
than 20% of fixels affected within the tract.

2.7.3 | Region-of-Interest Volumetric Analysis

We performed volumetric analysis of subcortical and cerebellar
ROIs to identify regions with significantly different volumes be-
tween subjects and controls. To do this, linear regression was
performed on volumetric data from the 16 ROIs, with age and in-
tracranial volume included as co-variants. Benjamini-Hochberg
false discovery rate (FDR) correction was performed to deter-
mine statistical significance, adjusting for multiple comparisons
across regions. Analysis of total brain volume and intracranial
brain volume in individuals with PME compared to controls
was also performed. All volumetric statistical analysis was per-
formed in R (version 4.1.0).

3 | Results
3.1 | Demographics

Twelve individuals with PME were recruited. Only one individ-
ual (with spinal muscular atrophy-PME, UMRS =291) was not
able to tolerate the scan due to the severity of their myoclonus.
We thus included 11 subjects, including two sibling pairs.

Subjects had a mean age at scan of 36years (range 19-52).
Controls (n=22) were matched for age (mean 36years, range
19-61, p=0.91) and sex. Individual participant data regarding
molecular genotype, clinical disease duration, and UMRS score
at the time of scan are presented in Table 1. The majority (n=8,
73%) had a diagnosis of ULD. The remaining participants had
a variety of other types of PME. All subjects had a confirmed
molecular diagnosis.

3.2 | Whole-Brain FBA

Analysis of structural connectivity revealed reduced FD, fiber
bundle cross-section (FC), and the combined metric of FDC
(FWE-corrected p<0.05) throughout white matter tracts.
Projection (thalamo-cortical, cortico-thalamic, and cortico-
spinal tracts, thalamic radiations) and commissural fibers
(splenium of corpus callosum) were areas of most severe in-
volvement (Figure 1, panel A). Figure 1 shows the white mat-
ter tracts that exhibited a significant (FWE-corrected p <0.05)
reduction in FDC in the PME group when compared to con-
trols. These fiber tracts are colored by effect size (percentage
decrease in PME compared to controls) to demonstrate the
white matter structures that exhibited prominent decreases in
PME subjects.

Whole-brain FBA demonstrated involvement of the cerebellum
and thalamus (Figure 1, panel B). Within the cerebellum, the
superior cerebellar peduncles and the anterior cerebellar lobe
(lobules I-V) were sites of particular involvement. The superior
posterior cerebellar lobe and parts of the inferior posterior lobe
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TABLE1 | Clinical and molecular genotype data for subjects with PME.
Clinical disease Age at UMRS score
Subject PME syndrome Genotype duration (years) scan (/365)
1* ULD CSTB homozygous dodecamer 44 55 67
repeat expansion
2 ULD CSTB homozygous dodecamer 42 52 171
repeat expansion
3% ULD CSTB homozygous dodecamer 38 48 76
repeat expansion
4 ULD CSTB homozygous dodecamer 31 46 39
repeat expansion
Sk ULD CSTB homozygous dodecamer 24 30 46
repeat expansion
6** ULD CSTB homozygous dodecamer 20 23 72
repeat expansion
7 ULD CSTB homozygous dodecamer 13 24 165
repeat expansion
8 ULD CSTB compound heterozygote 40 51 163
dodecamer repeat expansion and
¢.218_219delTC(p.Leu73{sX3)
9 AMRF SCARB2 homozygous 1 19 23
¢.1239 +1G>T pathogenic variant
10 MEAK KCNCI1 heterozygous ¢.959G>A 21 30 45
(p-Arg320His) pathogenic variant
11 MERRF MT-TK m.8344A>G 20 25 77

Note: *, **—sibling pairs.

Abbreviations: AMREF, action myoclonus renal failure syndrome; MEAK, myoclonus epilepsy and ataxia due to potassium channel mutation; MERRF, mitochondrial
epilepsy with ragged red fibers; ULD, Unverricht-Lundborg Disease; UMRS, unified myoclonus rating scale.

(lobule VI, VIIa/b) were involved to a lesser extent. Within the
thalamus, lateral thalamic structures (lateral thalamic nuclei)
were more prominently involved than the anterior and medial
thalamus. When only those individuals with ULD were in-
cluded in the analysis, a similar pattern of white matter tract
involvement was identified (see Figure S1).

3.3 | White Matter Tract Analysis

White matter tract analysis revealed that all 72 segmented
white matter tracts were affected to some degree (magnitude
of involvement 3%-56% of fixels within the tract exhibiting a
significant decrease from whole-brain FBA). Figure 2 shows
the white matter tracts that were severely affected (> 40% of
fixels within the tract exhibiting a significant decrease in PME
from whole-brain FBA) and those that were relatively pre-
served (< 20% of fixels within the tract exhibiting a significant
decrease from whole-brain FBA). White matter tract analy-
sis revealed that severely affected white matter tracts were
predominantly posterior projection fibers in the cerebello-
thalamo-cortical network, along with the left fornix and cor-
pus callosum (Figure 2, panel A). In contrast, cortico-cortical
association fiber pathways such as superior longitudinal fas-
ciculus, arcuate, cingulate, and uncinate were relatively pre-
served (Figure 2, panel B).

3.4 | Region-Of-Interest Volumetric Analysis

After adjustment for multiple comparisons, seven ROIs demon-
strated significantly reduced structural volumes in subjects with
PME compared with controls (FDR p<0.05). These were pre-
dominantly posterior structures, including the cerebellar cortex,
white matter, and brainstem. The mid-anterior corpus callosum,
hippocampus, thalamus, and ventral diencephalon also had sig-
nificantly reduced structural volumes (Figure 3). There was no
statistically significant difference in either total brain volume or
intracranial brain volume between individuals with PME and
healthy controls.

4 | Discussion

Application of advanced DWI analysis in this study reveals that
individuals with PME have atrophy and changes in white matter
fiber tracts, likely reflecting neuronal and axonal loss as part of
a degenerative process. There is a distinctive pattern of white
matter tract abnormality, with a dominant effect in cerebello-
thalamo-cortical tracts, and smaller effects in other regions.
Particular involvement of the motor system is noted both on
FBA (corticospinal and cerebellar tracts) and volumetric analy-
sis (mid-anterior corpus callosum, cerebellar cortex, and white
matter and brainstem). These results accord well with earlier,
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FIXEL BASED ABNORMALITIES OF WHITE MATTER TRACTS
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FIGURE 1 | Fixels exhibiting significant reductions in fiber density cross-section (FDC) in individuals with PME compared to controls (FWE

corrected p <0.05). Streamlines colored by percentage decrease compared to controls. Panel A—Axial, sagittal, and coronal images demonstrating

the involvement of projection and commissural fibers. Panel B—Axial images demonstrating the pattern of thalamic involvement (noting particular

involvement of lateral thalamic structures), and pattern of cerebellar involvement (noting particular involvement of anterior cerebellar lobe, superior

cerebellar peduncles, and deep cerebellar nuclei).

more limited imaging analyses in PME which suggested signif-
icant brainstem and cerebellar involvement [11] and further ex-
pand our understanding of white matter involvement. Compared
to milder, nonprogressive generalized epilepsy syndromes
[29, 30], PME is associated with a more widespread pattern of
white matter tract abnormality, with the most severe involve-
ment of posterior projection fibers in the cerebello-thalamo-
cortical network and relative preservation of association white
matter tracts. This pattern of abnormality is consistent with
the two predominant hypothesized mechanisms of PME, that
is, either decreased inhibition of the cerebral cortex driven by
cerebellar and brainstem dysfunction through thalamocortical
loops [31-33] or decreased cerebral inhibitory activity involving
corpus callosum and white matter tract projections [34]. Which
may be the predominant mechanism is not able to be established
at this stage. In future, the pattern of white matter abnormality
may be able to be used as a biomarker or diagnostic tool and
to guide the exploration of therapeutic interventions including
neuromodulatory therapies.

The dominant white matter tract abnormality seen within the
cerebello-thalamo-cortical network in PME accords well with
the clinical and neurophysiological phenotypic features of this
syndrome. The prominent clinical manifestation of ataxia is
consistent with the involvement of the cerebellum, which,
along with the thalamus, is affected in animal and human

histopathological studies [4, 8]. Neurophysiological studies indi-
cate that the myoclonus of PME is cortical in origin, attributed
to decreased motor inhibition [35] or enhanced cortical neuron
synchronization [36, 37]. Cortical thinning has been shown
to correlate with the severity of myoclonus in ULD [38]. The
cerebello-thalamo-cortical network is a well-recognized mod-
ulator of motor cortical excitability [39], and the severe white
matter abnormality demonstrated within this network is a plau-
sible key driver of the cortical hyper-excitability known to be
underlying PME.

The only other study of white matter tracts in humans with
PME revealed significantly decreased FA in almost all white
matter tracts, suggesting that white matter is globally affected
[14]. Correlation with animal imaging and histopathological
data in that study suggested that the cerebellum and thalamus
were sites of particular involvement. Results from our study
are in concordance with this data but provide a more detailed
delineation of the most severely affected white matter tracts in
a fiber-specific manner, highlighting that not all brain regions
are affected equally and that posterior projection tracts of the
cerebello-thalamic network are most severely affected.

The most severely affected cerebellar structures are the supe-
rior cerebellar peduncles (SCP) as well as deep cerebellar nuclei.
The SCP carry all efferent information from the cerebellum,

1139

85U8017 SUOWILWIOD 2A11E81D) 8|cealdde 8y Aq peusenob a2 sajofe YO '8SN JO SaInJ 10} ARIq1T8UIIUO AB[IM UO (SUOIPUOD-PUE-SWSIALI0Y A8 |1 Ake.q Ul |Uo//:Sthiy) SUONIPUOD pue SWLB | 8U1 89S *[6202/TT/.2] Uo Arigi8uljuo AB(IM *|1UN0D YoIeessy [BIIBIN PUY UHESH EUCIRN AQ 0TOOL EUIR/Z00T OT/I0p/Wo A8 | im Ake.q i pul|uo//stny wouy pepeojumod ‘9 ‘520z ‘S0S682€2



PME DIFFERENTIALLY AFFECTS WHITE MATTER TRACTS
A) SEVERELY AFFECTED
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FIGURE2 | White matter tract segmentation showing the percentage of significantly affected fixels per tract. Panel A—Glass brain images show-

ing severely affected tracts (> 40% of fixels affected within the tract). Panel B—Glass brain images showing relatively preserved tracts (< 20% of fixels

affected within the tract). POPT, parieto-occipital pontine tracts; SCP, superior cerebellar peduncle; STR, superior thalamic radiation.

comprised predominantly of excitatory glutamatergic projection
neurons traveling from deep cerebellar nuclei and projecting to
a variety of targets including descending motor tracts, cerebral
cortex, and brainstem [40]. The deep cerebellar nuclei receive in-
hibitory input from Purkinje cells located in the cerebellar hemi-
spheres. Our analysis highlights that the anterior cerebellar lobe
seems to be preferentially involved within the cerebellum, and
this lobe has important functional connectivity with the senso-
rimotor cortex [41]. Interestingly, a recent study of transcranial
direct current cerebellar stimulation in individuals with cortical
myoclonus facilitated sensorimotor cortex excitability, suggest-
ing dysfunctional cerebello-thalamo-cortical input to the motor
cortex [42]. Although cerebellar circuitry is complex, an imbal-
ance of these processes caused by the demonstrated white mat-
ter tract abnormality in PME may result in cortical disinhibition
and be an important factor driving the clinical phenotype.

Within the thalamus, lateral thalamic structures and superior
thalamic radiations (connecting lateral thalamic nuclei to pre and
postcentral gyri) are particularly involved, with relative sparing of
medial structures. Lateral thalamic nuclei include ventral anterior
(VA) and ventral posterior (VP) nuclei, both of which receive af-
ferent fibers from basal ganglia structures and send efferent fibers
to supplementary, premotor, and primary motor cortices [43]. The
VP nucleus is the main relay nucleus for somatosensory pathways.
White matter tract abnormality in these lateral thalamic structures

could thus reasonably be expected to impact sensory processing
and be relevant to stimulus-sensitive and action myoclonus.

We hypothesize that whilst in PME the white matter involvement is
extensive, the large and dominant effect in the cerebello-thalamo-
cortical networks is likely to be driving the clinical features that
make up the PME phenotype. Analogies can be made with other
progressive neurodegenerative conditions such as amyotrophic
lateral sclerosis, where there is diffuse pathology but the distin-
guishing clinical phenotype arises due to targeted involvement of
primary motor structures [44]. Work from our group has demon-
strated similar, but less extensive, network abnormalities in other
epilepsies, both generalized [45] and focal [46]. Interestingly, struc-
tural alterations in cerebello-thalamo-cortical tracts have recently
been identified in familial adult myoclonic epilepsy (FAME), an
epilepsy syndrome that shares some features with PME, namely
myoclonus, GTCS, and giant SSEPs, though without the progres-
sive neurological deterioration [47]. This supports the conceptual-
ization that this network is key in driving some of the core clinical
phenotypic features of PME.

All PMEs show progression with recurrent myoclonus and sei-
zures. Disentangling whether the white matter tract abnormality
is a primary pathology or a secondary consequence of recurrent
seizure exposure is challenging. In neurodegenerative diseases,
the combined metric FDC is most relevant, as it encompasses both
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LOSS OF VOLUME IN BRAIN STRUCTURES

A) SIGNIFICANTLY AFFECTED BRAIN STRUCTURES
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B) NON-SIGNIFICANTLY AFFECTED BRAIN STRUCTURES
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FIGURE3 | ROIvolumetric analysis of 16 ROIs, showing the percentage decrease compared to healthy control mean volume. Age and intracrani-
al volume are included as covariates. ROIs with statistically significant differences in volume (FDR p <0.05) compared to health controls after adjust-
ment for multiple comparisons appear in color. Ventral diencephalon encompasses hypothalamus, subthalamic nuclei, mamillary body, substantia

nigra, red nucleus, medial, and lateral geniculate nuclei.

atrophy due to accumulated axon loss (reflected in changes to
fiber-bundle cross section) and the current state of the remaining
white matter tissue (reflected in FD) [48]. Ultimately, longitudinal
studies will be required to determine if the pattern of white matter
tract abnormality alters with the progression of the disease.

The genetic basis of PME is well characterized, with now over 40
established genetic causes [49]. The pathological consequences
of the genetic pathogenic variants are varied. How the hetero-
geneous genetic abnormalities associated with PME result in
the white matter tract abnormalities, and why the cerebello-
thalamo-cortical network has a specific vulnerability to more
severe involvement will be important targets for basic science
and animal-based studies going forward. The majority of our
cohort has ULD, the most common form of PME. Although we
were underpowered to explore each of the individual genetic
etiologies within our PME cohort, the pattern of white matter
involvement was very similar when the subgroup of individuals
with ULD was analyzed. Further work will be able to examine
whether there are particular patterns of white matter abnormal-
ity in individuals with different genetic causes of PME.

4.1 | Study Advantages and Limitations

Studies of PME present some special challenges. We have con-
ducted this study with a well-defined cohort of an extremely rare

epilepsy syndrome. A comprehensive, nationwide recruitment
process over the 4-year study period was required to achieve this
cohort, the final size of which reflects the rarity of the condition,
especially in a country such as Australia. We do acknowledge,
however, that the sample size of this study is small, and that a
larger or replication sample would be ideal. This highlights the
need for future collaborative pooling and analysis of MR data, as
has been successfully performed in the study of other rare condi-
tions and epilepsy syndromes [50, 51]. Furthermore, the clinical
features associated with PME mean that successfully imaging
this cohort can be extremely challenging, and particular atten-
tion was paid to minimizing the impact of motion both during
the scan and in the analysis. Advanced MR analysis techniques
developed at our center have been applied to the acquired data
and allowed this challenging study to be performed.

5 | Conclusion

Individuals with PME have diffuse white matter tract abnor-
mality, with a distinctive pattern of a dominant effect in the
cerebello-thalamo-cortical tracts and smaller effects in other
brain regions. This accords well with the characteristic clini-
cal, neuropathological, and neurophysiological features of the
PMEs. The mechanism by which the PME genes affect these
tracts is not yet known. Ultimately, this pattern of white mat-
ter tract abnormality in PME informs our understanding of the
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underlying pathophysiology of this devastating condition and
may in future help guide potential new therapeutic targets, in-
cluding exploration of neuromodulatory therapies.
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