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Abstract. There is increasing evidence of central nervous system involvement in numerous neuromuscular disorders primarily
considered diseases of skeletal muscle. Our knowledge on cerebral affection in myopathies is expanding continuously due
to a better understanding of the genetic background and underlying pathophysiological mechanisms. Intriguingly, there
is a remarkable overlap of brain pathology in muscular diseases with pathomechanisms involved in neurodegenerative or
neurodevelopmental disorders. A rapid progress in advanced neuroimaging techniques results in further detailed insight into
structural and functional cerebral abnormalities. The spectrum of clinical manifestations is broad and includes movement
disorders, neurovascular complications, paroxysmal neurological symptoms like migraine and epileptic seizures, but also
behavioural abnormalities and cognitive dysfunction. Cerebral involvement implies a high socio-economic and personal
burden in adult patients sometimes exceeding the everyday challenges associated with muscle weakness. It is especially
important to clarify the nature and natural history of brain affection against the background of upcoming specific treatment
regimen in hereditary myopathies that should address the brain as a secondary target. This review aims to highlight the
character and extent of central nervous system involvement in patients with hereditary myopathies manifesting in adulthood,
however also includes some childhood-onset diseases with brain abnormalities that transfer into adult neurological care.
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INTRODUCTION genetic background and underlying pathophysiolog-
ical mechanisms. Moreover, there is a rapid progress
in up to date neuroimaging techniques now often able
to demonstrate even marginal abnormalities. Many
hereditary myopathies have multisystemic involve-
ment and in some diseases the brain is the most
frequently affected organ besides skeletal muscle

[2]. Functional and structural CNS manifestations

Clinical experience of health care professionals
around the world and systematic neuropsychologi-
cal and neuroimaging studies have long suggested
the presence of central nervous system (CNS)
involvement in neuromuscular disorders tradition-
ally characterized by skeletal muscle weakness and

muscle wasting [1]. The knowledge on cerebral
affection in neuromuscular diseases is expanding
continuously due to a better understanding of the
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of neuromuscular disorders are highly variable and
include e.g. epilepsy, movement disorders, neurovas-
cular complications, headaches, stroke-like episodes,
behavioural abnormalities and cognitive impair-
ment ranging from minimal intellectual disability
to severe dementia. Neuroimaging in neuromuscular
disorders strongly focuses on structural brain mag-
netic resonance imaging (MRI) techniques that have
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provided the majority of data from the clinical prac-
tice and the literature to date. However, neuroimaging
makes use of a plethora of numerous different tech-
niques investigating structural and functional brain
abnormalities from cerebral B-Mode ultrasound and
standard cerebral computed tomography (CCT) to
advanced functional methods like positron emis-
sion tomography (PET) or functional MRI. Imaging
findings range from grey to white matter changes,
disturbances of cerebral metabolism and perfusion to
disorders of cerebral connectivity.

This review addresses adult neurologists treat-
ing adolescent or adult patients with neuromuscular
disorders. We focus on hereditary myopathies with
clinical brain involvement excluding optic nerve and
retinal CNS manifestations. Our aim is to highlight
the character and extent of brain involvement in
patients with myopathies manifesting in adulthood,
however also to selectively include childhood-onset
diseases with CNS abnormalities that transfer into
adult neurological care.

CNS manifestations in adult patients with muscu-
lar disorders often come with a high socio-economic
and personal burden sometimes even exceeding the
everyday challenges associated with muscle weak-
ness. This is particularly well examined in myotonic
dystrophies that demonstrate in an exemplary manner
that specific personality traits and cognitive dysfunc-
tion —not muscular weakness- may represent major
obstacles for social and occupational integration ulti-
mately resulting in exclusion from social and working
life.

Impairment of cognition and intellectual capabil-
ities can be seen in patients not having reached a
sufficient level in their development as well as in
those that in maturity have lost these abilities. The for-
mer is usually referred to as intellectual disability or
by the older term, mental retardation. Formal aspects
include that the deficit has its origin prior to adulthood
and takes adaptive behaviour into account as well as
the measured intelligence [3]. Unfortunately, despite
standard IQ testing, the tests and criteria used by
many researchers differ, as definitions did over time.
Assessment of adaptive behaviour in a child with a
neurological, neuromuscular disability is a very dif-
ficult matter, and this part of the modern definition
does only play a marginal role in most reports so far.

Loss of intellectual abilities in maturity defines
dementia. While the intellectual decline can be mea-
sured globally, some forms of dementia will be hard
to detect in early stages unless specific tests are used
and behavioural components are included [4]. Again,

there is the problem of using a general score thresh-
old for individual performances on a highly variable
individual background.

At first glance, the pathophysiological CNS pro-
cesses discussed here could be divided neatly into (i)
the developmental causes, when a molecular defect
will lead to a permanently altered structure and
function of the immature CNS — corresponding to
intellectual disability — and (ii) the ongoing causes of
damage acquired in the mature organ due to the dis-
ease process, indicating progression — corresponding
to dementia. While this may prove correct for the
majority of disorders focussing exclusively on the
general course of intellectual performance, the cases
in which for example episodes of general or focal
metabolic crisis (like epilepsy, stroke-like episodes)
may further impair the performance of an abnormally
developed CNS, will not fit well into these categories.
Even more problematic is the question of normal or
abnormal ageing in these disorders.

Thus, while it is of great importance to understand
the cause and course of the pathologies involved,
in particular with regard to therapeutic options, we
would caution against a binary, developmental versus
degenerative, system to categorise these disorders.

Though causes of death in myopathies with
multiorgan affection seem to be dominated by car-
diorespiratory failure like aspiration pneumonia and
sudden cardiac death, CNS manifestations including
neurovascular symptoms and, most frequently, status
epilepticus are important causes of early mortality in
some disorders [5, 6].

Since multidisciplinary symptomatic treatments
including mechanical ventilation and cardioprotec-
tive therapies have improved life expectancy in many
muscular disorders and advanced medical devices
become increasingly available to assist in muscu-
lar weakness, CNS disturbances such as intellectual
disability or refractory epilepsy may dominate the
clinical burden of these chronic diseases in the future.

Thus, current or future treatment strategies like
gene therapy should address the CNS as a sec-
ondary target for a more curative treatment approach.
This however requires a most clear definition of
CNS affection as well as natural history data on
CNS involvement, a prerequisite for the identification
of suitable surrogate marker of brain abnormal-
ities. Finally, understanding CNS disturbances in
myopathies and providing specific care is critical for
improving prognosis and quality of life in adulthood.

For many of the disorders discussed below, the
adult neurologist is faced with two questions. First,
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will CNS signs be associated with an adult-onset
myopathy at all? Second, how will the CNS signs
of a patient with a known childhood-onset myopathy
affect the course of disease and care in adulthood?
Looking for the answer to the former, one may
enviously eye the neuropaediatric’s wealth of data,
only to be then reduced to slotting disorders as
non-progressive versus progressive in answering the
latter. In other words, we face the dilemma of hav-
ing plenty of data that has so far not entered the
everyday practice of the adult muscle clinic for most
disorders.

DISORDERS OF

DYSTROPHIN-GLY COPROTEIN
COMPLEX (DGC) - EXTRACELLULAR
MATRIX (ECM) INTERACTION

In skeletal muscle, fully glycosylated «-
dystroglycan binds to laminin-211 (i.e. a heterotrimer
formed from laminin a2, 31 and vy1 chains, but with
a2 as the site of functional interaction), thereby
linking the muscle fibre actin cytoskeleton via the
dystrophin-glycoprotein complex (DGC) to the
fibre’s basement membrane and thereby the extracel-
lular matrix (ECM). This “lateral” adhesion protects
the muscle fibre membrane from damage during
contraction and the decrease of this stabilisation due
to loss or dysfunction of one of the involved proteins
is considered the classical pathomechanism of a
range of muscular dystrophies, including Duchenne
muscular dystrophy (DMD).

Many of the proteins involved are also found in
similar arrangements in other tissues, serving —in the
absence of the mechanical strains of skeletal muscle —
more or less different purposes. In the CNS, the spec-
trum of interacting proteins for each of these players
appears to be both different and wider. In many cases,
the “CNS variant” of the protein itself is different or at
least shows more variety. As mentioned, the skeletal
muscle damage will often only manifest during the
use of the developed organ due to the normal wear
and tear. In contrast to this, in the CNS, many of these
proteins play important roles in the development of
the organ leading to structural and functional defects
if not fulfilled in a correct and timely manner. Fre-
quently, this damage will be established before the
organ works its mature function. Whether this will
immediately have clinical consequences or whether
these manifest at a later stage is very different for
individual genes and mutations, creating a gamut of

presentations of CNS involvements in addition to pos-
sible muscle signs.

The normal binding partners for a range of dif-
ferently glycosylated a-dystroglycan variants in the
CNS are still laminins. In studies with animal mate-
rial, laminin-10 (a5B1vy1) and -11 (a5B2y1) seemed
to rather bind brain isoforms of «-dystroglycan,
while laminin-1 (al1B1vy1), -2 (a2B1vyl), and -8
(a4B1vyl) bound equally both, brain and skele-
tal muscle, a-dystroglycan [7]. This binding again
plays a role at basement membranes. Animal stud-
ies have identified a role of «a-dystroglycan on
radial glia endfeet for the integrity of the pial
basal membrane. If this is compromised, neuronal
over-migration will lead to cobblestone malfor-
mations as in the type II lissencephaly seen in
many of the congenital human diseases caused
by perturbed a-dystroglycan function [8]. Isolated
pachygyria, polymicrogyria, cerebellar cysts and sub-
cortical heterotopia as described in patients with
a-dystroglycanopathies may also be consequences
of this [9]. Neuronal a-dystroglycan in contrast
appears to have a function in synaptic plasticity
[10], which would fit to clinical presentations where
brain MRI is normal, but CNS function abnormal. In
mice lacking laminin-a2, the development and func-
tion of the blood brain barrier was found abnormal
and the distribution and polarization of aquaporin 4
channels appeared to be dependent on laminin-a2
a-dystroglycan interaction as well, considered to be
responsible for increased water content of the brain
[11].

Disorders due to laminin-a2 pathology

The LAMA2 gene encodes for the laminin o2-
chain. The autosomal-recessive congenital muscular
dystrophy caused by LAMA2 mutations (congenital
muscular dystrophy type 1A; MDC1A) is considered
the most frequent form in this group of disorders out-
side of Japan. White matter changes on brain MRI due
to increased water content but not myelination abnor-
malities according to T2- and diffusion-weighted
images [12] [Fig. 1], are considered typical (>80%),
while epilepsy, intellectual disability or neuronal
migration defects are each seen in less than 10% [13].
It should be noted that the white matter changes fre-
quently become apparent during the first six to twelve
months of life [14].

Though usually presenting as a congenital disor-
der, another approximately 10% of cases manifest
after six months of age [13], but manifestation
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Fig. 1. Brain MRI in adult LAMA2-MD: axial T2 diffusion (a)
and coronal FLAIR (b) images showing confluent, mostly supra-,
but also infratentorial white matter signal changes.

in adulthood is rare. Milder, atypical and there-
fore also late-onset cases are now often referred to
as LAMA2-related muscular dystrophies (LAMA2-
MD), probably to avoid the “congenital” label in the
clinical setting of the adult neurologist.

Despite a rise of detection of LAMA2 variants
due to increased use of next generation sequencing
techniques, genotype-phenotype correlation remains
unclear. Milder/later onset muscle phenotypes are
however more frequently seen in patients with splic-
ing variants or missense substitutions, presumably
non-truncating alleles [14]. Some mutations have
been found repeatedly in the later-onset cases (e.g.
missense variant p.Thr821Pro [14]). The presence
and extent of the white matter lesions do not corre-
late well with the clinical CNS signs, mostly seizures
and intellectual disability [13]. Neuronal migration
defects, an obvious risk factor for the development
of epileptic seizures, have been seen in cases without
white matter changes, and tend to be present in those
patients with focal cerebral atrophies [13]. Alterna-
tive splicing [15] and variants in interacting protein
domains may offer clues to this variability, in particu-
lar if the attribution of different laminin dystroglycan
interactions on different cell types from animal stud-
ies — as mentioned above — to these elements of
pathology are correct in the human.

In conclusion, the combination of abnormally
high T2 signal in the periventricular and subcorti-
cal white matter in brain MRI with high CK levels
in blood is typical enough that the diagnosis has to
be considered in an adult patient. The main obsta-
cle here is that the treating physician fails to grasp
the concept that these findings might have a common
cause. Misattribution is frequent (Cerebral Autoso-
mal Dominant Arteriopathy with Subcortical Infarcts

and Leukoencephalopathy/CADASIL or other vas-
culopathies, mitochondrial encephalomyopathy, or
“delayed myelination”). A different problem in con-
firming the diagnosis is the fact that regularly only one
mutation in LAMA?2 can be found — exactly as in the
congenital muscular dystrophy. This will lead rightly
to muscle biopsy for confirmation. It is important
that both, the 80 kDa and the 300 kDa isoform of the
laminin a2 chain, are investigated and occasionally
both, immunohistochemisty and western blotting,
will be necessary to confirm an abnormality [16].

While the majority of the late-onset patients show
the white matter changes and some exhibit clinical
signs of CNS affection (mostly epilepsy), a progres-
sion of cerebral affection during adulthood does not
appear to be typical.

Disorders due to a-dystroglycan pathology

The a-dystroglycanopathies are due to a wide
spectrum of gene defects [Table 1], all leading to
a lack of fully glycosylated a-dystroglycan pro-
tein, the binding partner of laminin-a2 (s. above).
These disorders of a-dystroglycan show promi-
nent clinical involvement of the CNS in their
forms presenting with congenital or childhood onset,
i.e. Walker-Warburg syndrome (WWS), muscle-
eye-brain disease (MEB), and Fukuyama muscular
dystrophy, the latter being the most common con-
genital muscular dystrophy in Japan. While these
phenotypes are severe forms of the dystrogly-
canopathies, the interplay between causative gene,
muscle and CNS affection is more complex. E.g.
while Fukuyama muscular dystrophy caused by the
common Japanese retrotransposal insertion founder
mutation in the 3’UTR of FKTN [17] shows a severe,
congenital brain and muscle phenotype, the rarer
FKTN mutations within the clinical limb-girdle mus-
cular dystrophy (LGMD) spectrum hardly cause any
CNS manifestation, and POMGNTI cases seem to
be similar in this. In contrast, POMT1 and POMT?2
mutations frequently result in structural or functional
CNS involvement even in patients at the milder end of
the myopathy spectrum [18]. The most frequent dys-
troglycanopathy gene in the adult neurologist routine,
FKRP, can cause WWS, MEB, but also milder CNS
phenotypes, in particular cerebellar cysts and struc-
tural abnormalities of brainstem and pons [9] in the
congenital manifestations. The vast majority of brain
MRI data, however, refers to childhood-onset cases
with the latest disease manifestation or highest age
at MRI scan in early teenage. In a report collecting
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Table 1

Genes associated with a-dystrogylcanopathies and clinical CNS signs in clinical LGMD variants
caused by mutations in these genes. Note autosomal-recessive inheritance throughout

HGNC Approved MDDGC phenotype CNS signs in the LGMD variant

Gene Symbol described as

B3GALNT2 Not reported

B4GAT1 Not reported

CRPPA MDDGC7/LGMDR20 No

DAGI MDDGC9/LGMDR16 “severe cognitive impairment” [21]

DOLK Not reported

DPM1 Not reported

DPM?2 Not reported

DPM3 MDDGC15 “a stroke-like episode” [22]

FKRP MDDGCS5/LGMDR9 “mild impairment in executive functions
and visuo-spatial planning” [20]

FKTN MDDGC4/LGMDRI13 No

GMPPB MDDGC14/LGMDR19 No

LARGEI Not reported

POMGNTI MDDGC3/LGMDRI15 No

POMGNT2 MDDGCS8/LGMDR24 No

POMK MDDGC12 “Cognitive impairment” given as “IQ
was tested at 80, [... ], but she required
special schooling”, “requires special
schooling and his IQ is 83", “severely
delayed psychomotor development”
“tonic seizures” [23]

POMTI MDDGCI1/LGMDRI11 “severe mental retardation and autistic
features” [24]

POMT2 MDDGC2/LGMDR 14 “learning difficulties and [. .. ] presented
[...] with developmental delay” [18]

RXYLTI1 Not reported

TRAPPCI1 LGMDRI18 “intellectual disability including cerebral

atrophy”, “IQ below 50 [25]

MRI data from a natural history study [19] abnormal
brain MRI (mutations in FKTN, POMTI, POMT2,
POMGNTI, and GMPPB) correlated to 100% with
cognitive impairment (mutations in FKTN, FKRP,
POMTI, POMT2, POMGNTI, and GMPPB) and
15/15 patients with reported normal development had
normal MRI findings (mutations in FKRP, FKTN,
and ISPD/CRPPA). Three out of 17 patients with
abnormal development had normal MRI (mutations
in FKRP, POMT?2, and POMGNTI), but none vice
versa. While some of these MRI scans were acquired
from adult patients, the age average was six years.
Data on the brains of those manifesting in adult-
hood remain hard to find. A systematic study on
ten adult FKRP patients ranging from childhood-
onset LGMD to asymptomatic adults with high CK
reported mildly impaired executive functions and
visuospatial planning with normal IQ as well as mild
abnormalities in 6/9 cMRI [20]. Some neuropsycho-
logical performances were worse in those with early
disease onset, but without overall correlation of per-
formance with age at investigation or the individual
mutations. Our clinical experience argues against a

progression of CNS symptoms in adult life in these
disorders.

In Online Mendelian Inheritance in Man (OMIM),
this group of disorders has now been termed Muscular
Dystrophy-DystroGlycanopathies (MDDG), sepa-
rated into three subgroups: (1) MDDGA: Congenital
muscular dystrophy with brain & eye abnormali-
ties, (2) MDDGB: Congenital muscular dystrophy,
less severe % intellectual disability, (3) MDDGC:
Limb-girdle muscular dystrophy (LGMD) phenotype
with dystroglycanopathy. To provide an overview,
in Table 1 the currently known genes of the «-
dystrogylcanopathy spectrum are listed with respect
to whether clinical CNS signs have been reported in
a LGMD variant caused by mutations in this gene.

Disorders due to dystrophin pathology

Duchenne (DMD) and Becker (BMD) muscular
dystrophy are X-linked recessive disorders caused by
mutations in the DMD gene in males. In a rough,
dichotomic model, DMD patients have no functional
dystrophin protein while BMD patients have some or
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partially functional dystrophin, leading to a milder
phenotype.

The brain manifestations of dystrophinopathies
have long been known due to the intellectual impair-
ment in Duchenne boys, of whom about a third have
an IQ below 70 [26]. Further neurocognitive and
behavioural disabilities are less frequent but well
described. Interest in this part of the dystrophinopathy
conundrum became more urgent with the discovery
of a group of patients with DMD mutations from the
autism disorder spectrum, X-linked intellectual dis-
ability without muscular dystrophy [27] and of course
the advent of gene therapy options.

Briefly, the DMD gene has seven independent pro-
moter regions and two polyA-addition sites. Thus,
even without further splicing etc., these promoters
with their unique first exons will produce seven dys-
trophin isoforms [28]. From 5’ to 3’ and named after
their proteins’ molecular weights, these are: 1. The
brain full length (Dp427c), found in cortical neu-
rons, skeletal and heart muscle. 2. The muscle full
length (Dp427m), found in skeletal and heart mus-
cle, but also glial cells. 3. The Purkinje cell full
length (Dp427p), reported in Purkinje cells and skele-
tal muscle. 4. The retinal isoform (Dp260), highly
expressed in retina, but also in brain and cardiac
muscle. 5. Dp140, “the CNS isoform”, also found
in kidney. 6. Dpl16, the peripheral nerve isoform,
found in Schwann cells. 7. Dp71 or G-dystrophin,
ubiquitous but for the exception of skeletal muscle.

The affection of the distal isoforms Dp140 and
Dp71 have long been considered to be linked to
the clinical signs of brain affection in DMD. While
some researchers reported just a trend for lower 1Q
with involvement of the distal isoforms [29, 30],
others found significant association between distal
macrodeletions and cognitive impairment, with rele-
vance of Dp140 [31]. In particular, within a group
of DMD and BMD patients, lack of Dpl140 was
linked to worse performance in neuropsychologi-
cal tests [32]. DMD patients with impaired Dp140
expression showed lower total brain and grey matter
volumes and worse neuropsychological scores than
those with preserved Dp140 in comparison to healthy
controls [33]. In a large, multinational group of DMD
patients, those with mutations affecting the 3’ iso-
forms were more likely to show neurodevelopmental,
behavioural, and emotional symptoms - and ‘“clus-
ters” of these findings - than those with mutations
affecting only the Dp427 isoforms [34]. In DMD
and BMD, loss of Dp71 as the most distal isoform
in question has been found to contribute to signs

of intellectual disability [35]. Intellectual disability
when all isoforms are affected is considered to be
typically severe [29, 35, 36]. Thus, as a guide in dys-
trophinopathies, the severity of the CNS symptoms
— if present — correlates to the number of dystrophin
isoforms affected by the mutation.

A recent study on the dystrophin isoforms [37]
in normal human development and maturity has
now provided a detailed picture. However, as recog-
nised early in studies of cognitive impairment [38],
the theoretical correlation of genotype and phe-
notype is challenged by patients with apparently
identical mutations showing different clinical man-
ifestations [28].

For the concerns of the adult neurologist, the
CNS manifestations of DMD mutations are generally
considered non-progressive, despite an early report
of DMD cranial CT abnormalities correlating with
age [39], in contrast to the muscle pathology. This
probably highlights again the difference between the
developmental CNS disorder and the ongoing, pri-
marily mechanical muscle pathology. However, the
call for longitudinal data [37] appears justified, in par-
ticular with regard to the aspect of prolonged survival
in DMD due to new treatments.

Still, the majority of dystrophinopathy patients in
the adult clinics will be BMD cases and in contrast
to the wealth of studies old and new in DMD, even
as some of these included BMD patients [32, 35,
38, 40], detailed neuropsychological data on BMD
patients is harder to find. One specific study hints
to a shift away from cognitive impairment with low
IQ in comparison to DMD, but still showing learn-
ing difficulties (appr. 30%) and behavioural problems
(>60% with appr. 8% autism) [41]. Data on school-
ing and employment seems to support this [42]. The
applicability of these studies to the full spectrum of
BMD has been called into question for their small and
on average rather young study populations [37]. Yet,
another recent study on 76 adult BMD patients from
Japan [43] confirmed behavioural, psychological and
social issues together with normal mean 1Q. Of the
40 patients of this group with full psychological test-
ing, half were found to show anxiety and a third to
have depressive symptoms, while of the 76 cases 16
had been diagnosed with a psychiatric disorder. This
study also related their findings to whether or not the
mutation in a given case affected Dp140 and found no
statistically significant correlation. Yet, developmen-
tal disorders, epilepsy, and problematic behaviour
were only found in those with Dpl40 affection,
and only problematic behaviour was significantly
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correlated with affection of Dp71. Intriguingly, of 14
cases in this study with previous brain MRI, how-
ever performed due to neurocognitive and psychiatric
symptoms, 11 showed brain atrophy [43].

It seems safe to conclude that the quality of life
of adult BMD patients is affected regularly by CNS
symptoms related to their dystrophinopathy, whether
directly or indirectly. Further practical aspects are
that no clinical — but clear electroretinographic — cor-
relates are known for the retinal manifestations of
dystrophinopathies [28] and that epilepsy occurs in
about 8% of BMD [44].

One study reported minor learning disabilities or
behavioural problems in a subset (29%) of a small
group of pediatric manifesting female DMD carriers
[45], but we were unable to find data on CNS signs
in adult manifesting carriers.

The sarcoglycans

Interestingly, there are no reported CNS manifes-
tations of the “muscle sarcoglycans” (alpha, beta,
gamma, and delta sarcoglycan), important parts of
the DGC. However, mutations in epsilon sarcoglycan,
present in muscle but not associated with a myopa-
thy, lead to myoclonus—dystonia syndrome (DYT11)
[46], which also includes psychiatric abnormalities.
An explanation for the limitation of the disorder to
the CNS despite the protein being widely expressed
in the body, including skeletal muscle, has been found
in a specific splice variant with regard to exon 11b in
the brain [47].

DNA REPEAT DISORDERS
Oculopharyngeal muscular dystrophy (OPMD)

OPMD is caused by expansions of a GCG repeat
in exon 1 of the PABPNI gene on chromosome 14q.
Up to 6 repeats are normally found, and the presence
of 8 to 13 repeats on one allele will cause autoso-
mal dominant OPMD, while 7 repeats on both alleles
are sufficient to cause the more severe and rare reces-
sive form. The ultrastructural hallmarks of the disease
are nuclear inclusions consisting of tubulofilaments
with 8.5nm outer diameter forming palisades and
tangles. As one would expect from a disease with
autosomal dominant as well as recessive presenta-
tion, there is loss of function of PABPN1 as well
as pathological aggregation leading to toxic gain of
function. There are few reports about brain pathol-
ogy or neuropsychological abnormalities in OPMD.

While multisystem involvement in DNA repeat disor-
ders is far from unusual, only a few patients have been
investigated in detail. In the more severely affected
homozygous patients, Blumen et al. [48] described
progressive cognitive impairment and raised an inter-
esting point about the deleterious effect this might
have on treatments decisions of the patient, possi-
ble contributing to lower life span. Later, cognitive
impairment and psychological disorders attributed
to alterations of prefrontal-subcortical circuits were
found in neuropsychological and neuropsychiatric
examination of heterozygous OPMD patients with
13 to 16 repeats [49].

There appeared to be no overall association of
neuropsychological abnormalities with brain MRI
findings and so far, a relation of brain dysfunction
to brain pathology has not been established, despite
one report pointing to deposits in the CNS predat-
ing the aforementioned studies [50]. Homozygous
OPMD patients are mostly found in French Canadian
and Jewish Uzbek populations, therefore the aver-
age neurologist will not expect their OPMD patients
to decline quickly into dementia, but taking a closer
look at neuropsychological aspects in heterozygous
OPMD patients may be warranted in the future.

Mpyotonic dystrophies

Myotonic dystrophies type 1 and 2 (DM1, DM2)
are autosomal dominantly inherited multisystemic
repeat expansion disorders and represent the most
common muscular dystrophies in adulthood. DM1
is caused by an expanded CTG repeat within the
noncoding 3’ untranslated region of the myotonic
dystrophy protein kinase (DMPK) gene, whereas
DM2 is caused by an expanded CCTG repeat in
the first intron of the zinc finger protein 9 (CNBP,
ZNF9). Both the molecular genetic background and
pathophysiological mechanisms have largely been
investigated in both disorders [51]. Multiorgan affec-
tion is characteristic for these prototypic repeat
expansion disorders. Brain involvement is one of
the most frequent non-muscular features in DM1
and DM2 and is primarily associated with cognitive
and behavioural abnormalities. In contrast to other
myopathies and mitochondrial disorders, focal neu-
rological deficits, epilepsy, ataxia, and/or headache
are not characteristic, and clinical involvement of
central motor and extrapyramidal pathways is not
reported. With new therapeutic developments tar-
geting multiple organ systems it is mandatory to
increase the understanding of CNS affection and
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its natural history to appropriately monitor poten-
tial future treatment effects on the brain. Indeed,
CNS dysfunction is one of the most relevant issues
affecting quality of life in DM1 and DM2 patients
and also implies major socioeconomic drawbacks
[52, 53]. The neuropathological correlate of CNS
symptoms in myotonic dystrophies is not entirely
clear. Neuropathological findings in DMI1 brains
include intracytoplasmic inclusions in thalamus,
striatum, cerebral cortex, and brainstem [54, 55].
Most changes are located in neurons, but white
matter alterations have also been described includ-
ing disordered arrangement of myelin sheaths and
axons [56-58]. Importantly, neurofibrillary degener-
ation with intraneuronal accumulation of abnormally
modified microtubuli-associated tau protein has been
demonstrated in the brains of DM 1 and DM2 patients.
Experimentally, aberrant tau expression by dysregu-
lated alternative splicing has been shown allocating
myotonic dystrophies to tauopathies and other neu-
rodegenerative diseases [59].

DMI can present with a severe congenital form,
a childhood-onset form, and the classic adult-onset
form which however may show first symptoms in
adolescence. In DM, the classic disease range of
CTG repeat numbers is 50 to 4,000, in which repeat
sizes of 50 to 80 are usually associated with mild
clinical phenotypes, and large repeat expansions up
to 4,000 or more are often found in severe, mostly
congenital forms of DM1. According to the age at
onset, disease severity and/or CTG repeat size, func-
tional and structural brain involvement differs highly
between the various forms of the disease. In congeni-
tal and childhood-onset forms of DM, intellectual
disability, psychomotor delay, and neuropsychi-
atric symptoms like autism-spectrum disorders
or attention-deficit syndromes are characteristic,
whereas brain affection in the adult-onset form is dif-
ferent and usually less severe. Mildly affected DM 1
patients may present without any functional CNS
affection. In contrast to DM1, there is no congeni-
tal or childhood-onset form in DM2 which typically
manifests in adulthood, sometimes at advanced ages.

Many methods have been applied to assess the
neuropsychological functioning in DM1 and DM2
patients. The instruments most used in neuropsy-
chological studies on DM1 to date have been listed
in a recent review with respect to the examined
cognitive domains [60]. Many different neuropsycho-
logical test batteries have been used ranging from
standardized assessments of frontal and executive
functioning to psychomotor speed and intelligence

tests. Behavioural impairments, personality profiles,
social cognition and Quality-of-Life aspects have
been measured with distinct neuropsychological
and psychological instruments. Various personal-
ity inventories, social cognition test batteries and
Quality-of-Life questionnaires have been applied
from the Minnesota Multiphasic Personality Inven-
tory (MMPI), Facial Emotion Recognition Tests,
Individualized Neuromuscular Quality of Life ques-
tionnaire (INQoL) to the Myotonic Dystrophy Health
Index (MDHI) as self-reported multi-domain rating
scale [61]. As in neuroimaging techniques, an inter-
national consensus on obligatory neuropsychological
test batteries as outcome measures in myotonic dys-
trophies does not exist which may be due to the
complex nature of the diseases and variable findings
across different studies.

Various neuroimaging techniques have been
applied in myotonic dystrophies over the years to
examine the structure and function of the brain [62,
63]. Methods range from CCT, voxel-based mor-
phometry (VBM), diffusion-tensor-imaging (DTI) to
most advanced functional MRI techniques (fMRI).
Fluorodeoxyglucose positron emission tomography
(FDG-PET) has been used to investigate the cere-
bral glucose metabolism. 99mTc-emission computed
tomography (ECD) and 99mTc hexamethyl propy-
lenamine oxime (HMPAO) single-photon emission
computed tomography (SPECT) as well as H2150-
PET have been applied to analyse cerebral perfusion.
Analyses of cellular markers have been performed
by Proton-MR-spectroscopy ('H-MRS). fMRI using
e.g. motor tasks and resting-state analyses were
introduced to study cerebral networks. Further, quan-
titative mapping of the magnetic susceptibility and
the effective transverse relaxation rate were recently
applied to assess the iron content in distinct brain
regions in DM 1 and DM2 [64]. As bedside technique,
transcranial B-mode sonography has been used in
adult-onset DM1 and DM2 patients to evaluate ven-
tricle diameters and the echogenicity of brainstem
and basal ganglia [65, 66].

Fatigue, excessive daytime sleepiness, depression
and anxiety in myotonic dystrophies

Behaviourally, fatigue, apathy and depression are
defined by a significant reduction in self-initiated vol-
untary action. Fatigue is one of the most frequently
reported symptoms in almost all neuromuscular
diseases. The phenomenon of fatigue is not fully
understood yet. However, a unifying definition of
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chronic pathological fatigue as a disease-independent
mechanism has recently been proposed based on a
more physiological standpoint [67]. Whereas signs of
depression and apathy can be identified and measured
by external observers, fatigue is always self-reported
and supposed to be primarily a perceptual phe-
nomenon arising from dysfunctional activational
systems and aberrant sensory attenuation.

Sleepiness and fatigue constitute major complaints
in DM1, but also in DM2 [68, 69]. According to our
findings and data from the literature, daytime sleepi-
ness is widely restricted to DM1, whereas fatigue
is a major complaint in DM1 and DM2 patients.
Previous data suggested the absence of excessive day-
time sleepiness in DM2 to be a discriminative feature
between both disorders [69]. Symptoms of fatigue are
rather stable over time in DM 1 and DM2. These find-
ings underline former data postulating that fatigue
and daytime sleepiness but also apathy in myotonic
dystrophies more likely result from CNS dysfunc-
tion than from respiratory muscle weakness and/or
sleep-related breathing disorders [70]. A recent ran-
domized controlled treatment trial targeting the CNS
in fatigued DM1 patients indicated that implementa-
tion of cognitive behavioural therapy is able to lead
to a higher capacity for activity and social participa-
tion [71].

Anxiety has been reported in DM1 and DM2, but
does not seem to be a prominent feature according to
data in the literature and our personal experience.

Depression is present in DM1 and DM2, however
seems to be rather stable over time [72]. Depressed
mood in DM1 might be more pronounced in earlier
disease stages, whereas depression is more likely to
be found in later disease stages of DM2 [73, 74].
Thus, DM1 patients might adapt to their symptoms
earlier or show a lack of self-awareness at later stages
of the disorder.

Mpyotonic dystrophy type 1 (DM1)

In DM1, there is longstanding evidence of func-
tional cerebral involvement [52, 75]. The cognitive
profile of DM1 has been characterised extensively
in various neuropsychological studies over recent
decades. Cognitive deficits, especially executive
dysfunction, mental slowing, social cognition impair-
ment, impairments in theory-of-mind variables,
behavioural abnormalities and specific personal-
ity traits have been described and may deteriorate
over time [76-80]. Reported behavioural abnor-
malities and personality patterns are consistent in
DMI1 and include reduced initiative and inactivity,

apathy, avoidant and passive personality features,
less frequently obsessive-compulsive and sometimes
passive-aggressive behaviour. Signs of a personality
disorder are present in only a minority of patients
[81]. Avoidant and passive behavioural patterns may
be due to a frontal dysexecutive syndrome that is
associated with various morphological and functional
neuroimaging findings in DM1 [52]. DM1 patients
may show low social engagement and difficulties in
social-cognitive functions. Recently, social cognition
impairment due to basic deficits in emotion recog-
nition measured by facial emotion recognition, e.g.
of anger and disgust, have shown to be core deficits
in the adult-onset disease [82, 83]. Neural substrates
associated with social cognition deficits in DMI
have recently been described by use of resting-state
fMRI [84].

In DM1 patients, cognitive deficits include a vari-
able combination of cognitive impairment across
different domains [60]. Cognitive deficits in the
classic adult-onset form may affect memory, atten-
tion, visuospatial construction and verbal ability.
According to most neuropsychological studies,
executive dysfunction, attentional and/or visuospa-
tial/visuoconstructional impairments constitute the
predominant deficits [52, 74, 85]. Both earlier onset
and longer duration of the disease seem to be indica-
tive of more severe cognitive deficits [80]. Due to
small sample sizes and different neuropsychological
methods applied, neuropsychological testing profiles
in DM1 show variable results. In neuropsychological
longitudinal studies, cognitive impairment worsened
over time in the majority of patients affecting differ-
ent domains and suggesting an accelerated normal
aging process [78, 80, 86]. However, some studies
found only minor and rather stable neuropsycholog-
ical deficits in adult-onset DM1 that predominantly
affected executive functioning [74, 77]. In the clinical
practice, DM1 patients may wrongly give the impres-
sion of having reduced overall intelligence because
of “mental and psychomotor slowing”, and the facial
expression combined with a lack of initiative [52].

There is also ample evidence for structural brain
involvement in DM1 and DM2. Transcranial B-
mode sonography showed that brainstem raphe
hypoechogenicity was more common in DMI
patients than in controls, and both hypoechogenicity
and hyperechogenicity of the substantia nigra were
more frequent. Third ventricle diameters were
increased in DM1 patients [65, 66]. Cross-sectional
neuroimaging studies demonstrated brain atrophy,
focal subcortical and cortical grey matter reduction,
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Fig.2. 1.5 T brain MRIin DM1, FLAIR sequences. a) 41-year-old
adult-onset male DM1 patient with moderate confluent periven-
tricular and mild subcortical white matter lesions. b) 47-year-old
adult-onset female DM1 patient with bilateral anterior temporal
white matter lesions (ATWML) and marked thickening of the
skull [87].

ubiquitous white matter reduction and white matter
lesions in DM 1 more than DM2 patients. White mat-
ter lesions have frequently been reported in DM1
[Fig. 2a], do not seem to be associated with vas-
cular risk factors and are predominantly located in
frontal and temporal lobes [74, 87, 88]. Particularly,
anterior temporal white matter lesions (ATWML)
are a rather specific presentation in DM1 espe-
cially when compared to DM2 [Fig. 2b], where
this characteristic brain affection is not present [87,
89-91]. Thinning or atrophy of the callosal body has
been reported most frequently in congenital DM1
but also in adult-onset forms of the disease [91].
Global brain atrophy has been described in DM1
very early. Grey matter abnormalities include ventric-
ular enlargement, diffuse cortical atrophy, global grey
matter reduction, focal brain atrophy in various cere-
bral lobes, the hippocampus and basal ganglia [74, 79,
92-94]. VBM studies confirmed a widespread corti-
cal involvement of grey matter affecting all lobes.
Volume reductions of subcortical grey matter were
reported in striatum, thalamus, and cerebellum [74,
79, 90, 93-97]. DTI showed a widespread degrada-
tion of white matter fibre tracts in DM 1, and recently,
DTI and network measures gave evidence of brain
involvement in DM1 as a complex network disorder
characterised by white matter network alterations [72,
74, 91, 98, 99]. White matter exceeded grey matter
changes by far in adult-onset DM1 and DM2 sug-
gesting a predominant white matter disease [72, 74,
94, 95].

PET studies in myotonic dystrophies gave evi-
dence of glucose hypometabolism in prefrontal,

frontal, temporal, and pericentral regions in DM1
more than DM2 [79, 100, 101]. "Perfusion“-PET
and SPECT studies showed regional cerebral blood
flow deficits in frontal, temporo-parietal, and less pro-
nounced in parieto-occipital regions in DM1 [76, 88,
100, 102]. Brain cellular and neuronal markers were
mainly reduced in occipital and temporo-parietal cor-
tical regions and frontal white matter in DM1 more
than DM2 [103]. Resting-state fMRI studies in DM 1
showed a reduced connectivity in specific cerebral
networks associated with behavioural abnormalities
[84]. In classic adult-onset DM 1 patients, widespread
iron accumulation in deep grey matter was detected
and significantly associated with clinical symptoms
including muscular weakness, daytime sleepiness,
and specific cognitive deficits [64].

However, the functional relevance of structural
brain abnormalities is still under discussion, and
results of correlation analyses between brain mor-
phology, neuropsychological, clinical, and genetic
data are highly controversial to date [74, 79, 90,
91, 93, 95, 96, 98, 99, 104]. While some studies
showed correlations of brain morphological changes
with neuropsychological and clinical parameters in
DM1, others failed to do so.

The natural history of structural brain changes in
myotonic dystrophies is not clear yet [62, 63]. A more
neurodegenerative than neurodevelopmental origin
was hypothesized, since MRI changes correlated with
disease duration in cross-sectional analyses [74]. A
cross-sectional study on juvenile and adult DM 1 pos-
tulated a degenerative, premature aging origin of grey
matter changes, however a more neurodevelopmen-
tal origin of white matter alterations [95]. This is
partly in line with first longitudinal brain imaging data
that demonstrated a lack of significant disease-related
progression of grey and white matter involvement
over a period of five years. This finding suggests a
slowly progressive or even stable course of cerebral
changes in middle-aged adult-onset DM1 patients
[72] [Fig. 4].

Myotonic dystrophy type 2 (DM2)

There is clear evidence that neuropsychologi-
cal and cognitive deficits may be present in DM2
patients, though usually to a minor degree when
compared to DM1 [52, 72, 74, 77, 88]. The ear-
liest evidence of cognitive impairment in DM2
came from studies from Meola et al. demonstrating
deficits in visual-spatial performance and attention
[76, 102]. Subsequent neuropsychological examina-
tions detected no general cognitive decline, but focal
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cognitive deficits predominantly affecting executive
functions like focussed attention and interference, but
also verbal memory [74, 77, 85, 101]. These findings
correspond well with predominant frontal and pari-
etal lobe dysfunction. Some degree of behavioural
abnormalities has been reported in DM2 primar-
ily associated with a dysexecutive syndrome [76,
102]. An avoidant personality profile has early been
demonstrated, whereas recent examinations did not
show statistically significant personality impairments
in DM2. However, compulsive and paranoid per-
sonality features were present in some patients. In
contrast to former studies, the most common neu-
ropsychological symptoms in DM2 were anxiety and
somatization [76, 105].

As in DM1, the discrepancy regarding the pres-
ence and extent of cognitive and behavioural deficits
between different studies might partially be explained
by methodological differences. Though DM2 might
be as prevalent as DM1 in some regions, there are
much less neuroimaging studies on DM2. The first
brain imaging study on DM2 was performed in 1997
[106]. Since then, less than 20 cross-sectional and one
longitudinal brain imaging studies have been reported
[63, 66, 72, 107, 108].

Transcranial B-mode sonography in DM2 patients
demonstrated higher frequencies of brainstem
raphe hypoechogenicity and substantia nigra
hyperechogenicity and increased diameters of the
third ventricle [66, 107]. Cross-sectional neuroimag-
ing studies showed patchy, sometimes confluent
periventricular white matter lesions not clearly
attributed to a vascular origin and no ATWML
[Fig. 3a]. The amount of white matter lesions in
DM2 was less compared to DM1 [74, 87]. Further
brain MRI studies revealed focal and/or general brain
atrophy in DM2 [Fig. 3b], including cortical grey
matter reduction, but also subcortical grey matter
reduction in hypothalamus, thalamus, brainstem
and adjacent midline brain regions [79, 108]. Some
authors reported a more pronounced grey matter
loss in DM2 compared to DM, affecting cuneus,
temporal regions and amygdala [96]. In contrast,
subsequent VBM analyses in a larger group of DM2
patients detected no grey matter decrease compared
to controls [74]. However, VBM studies revealed
predominant white matter alterations along corpus
callosum and in all lobes and in the cerebellum
[74, 108]. DTI studies demonstrated microstructural
dysintegrity predominantly of the corpus callosum,
but also of other association and projection fibres,
including the limbic system [72, 74]. Most imaging

Fig. 3. 1.5 T brain MRI in DM2, FLAIR sequences. a) 68-year-
old female DM2 patient with severe confluent periventricular white
matter lesions and general moderate brain atrophy. Cerebrovascu-
lar risk factors like hypertension or diabetes were not present. b)
65-year-old female DM2 patient with general brain atrophy [87].

studies suggested a predominant white matter
disease similar to DM1, however, less pronounced.
Functional brain imaging studies showed glucose
hypometabolism and reduced perfusion mainly in
frontal regions, but also in temporal and parieto-
occipital areas, in general less pronounced compared
to DM1 [76, 79, 102]. As in DM1, brain cellular
and neuronal markers were reduced mainly in
occipital and temporo-parietal cortical regions and
frontal white matter, again much less pronounced
[103]. Iron accumulation in deep grey matter, e.g.
in the putamen and accumbens, could be identified,
however to a minor extent compared to DM1 [64].

In contrast to DM, repeat expansion sizes are
not routinely analysed in DM2 and do not correlate
well with clinical symptoms. Thus, studies on the
association of neuroimaging and neuropsychological
findings with genetic results are missing. As in DM1,
the functional relevance of structural brain abnormal-
ities is still unclear, and results of correlation analyses
between brain morphology, neuropsychological, and
clinical data in DM2 are controversial or even con-
tradictory [64, 74, 76, 79, 88, 96, 101]. A recent
functional imaging study however demonstrated that
FDG-PET findings corresponded well with the results
of neuropsychological testing in DM2. This suggests
that functional neuroimaging techniques might be
more suitable to identify potential associations of
brain alterations with neuropsychological perform-
ing, therefore serving as more suitable biomarkers
[53,72, 101].

The first longitudinal brain imaging data on DM2
demonstrated that white matter affection was promi-
nent, but less pronounced compared to DM 1 with few
additional white matter changes after a period of five
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Fig.4. 3.0 T brain MRI, voxel-based morphometry (VBM) in DM1 and DM2. Longitudinal MRI data at baseline and follow-up after 5.5 + 0.4
years. Group comparisons at baseline and follow-up. Displayed results of VBM analyses are based on a threshold of ppaise discovery rate <0.05
at voxel-level with an extended cluster threshold of 10 voxels. The coordinates refer to the MNI reference space. VBM analyses were
performed in 13 DM1, 15 DM2 patients, and 13 controls. (a) Grey matter decrease in DM1 patients compared with controls at baseline
(light red) and at follow-up (light and dark red). Dark red areas had not been affected at baseline. (b) Grey matter decrease in DM2 patients
compared with controls at baseline and at follow-up (no clusters detected). (c) White matter decrease in DM patients compared with controls
at baseline (light blue) and at follow-up (light and dark blue). (d) White matter decrease in DM2 patients compared with controls at baseline
(light blue) and at follow-up (light and dark blue). Dark blue areas had not been affected at baseline [72].

years [Fig. 4]. As in DM, there was a lack of sig- progress or even stable disease course [72]. Neverthe-
nificant disease-related progression of morphological less, longitudinal data on brain involvement in DM2
brain involvement over time which suggests a slow is highly limited and further studies are needed.
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Facioscapulohumeral muscular dystrophy
(FSHD)

FSHD is a dominant disease caused by re-
expression of the DUX4 gene on chromosome 4q. The
most frequent cause (FSHDI1) of this is contraction
of D4Z4 macrosatellite repeats by deletion in a “per-
missive” 4A haplotype (mostly 4qA 161, alternatively
4qA159, 4gA166H or 4qA168 [109]). Normally, 11
to 100 repeats are found. Repeat numbers below 11
on one allele lead to FSHD1 with the repeat size often
correlating with age at onset and inversely with dis-
ease severity. The diagnostic standard therefore is
the determination of the repeat length by southern
blotting with the p13E-11 probe after DNA digestion
with EcoR1/BlInl (and possibly Xapl to double-check
against repeats from chromosome 10) [110]. Thus, in
most of the literature the extent of the D474 repeats is
given as “fragment size”, with one D4Z4 repeat corre-
sponding roughly to 3.3 kB. When in doubt, however,
additional haplotype analysis will be required.

In early onset FSHD patients, high-frequency hear-
ing loss is considered to be present as part of the
disorder in more than half of the patients [111]. It
is usually apparent before age seven years and pro-
gressive in some patients [112]. Fitting well with an
occurrence in early onset cases, a threshold fragment
size of 20 kb (five D4Z4 repeats) has been suggested
[112]. Patients with larger fragments do not seem to
suffer from hearing loss in childhood. Further inves-
tigations argue for this to be a disorder of the cochlea
and thereby not a CNS manifestation [113, 114].
However, early onset cases with short fragments may
also show intellectual disability and/ or epilepsy in
particular with fragments of 10 or 11 kB (two repeats)
[114]. Due to the relation of short fragments, i.e.
large deletions, to early onset, it seems unlikely to
encounter these problems in an adult onset case, and
in adults at least the occurrence of hearing loss is
reported to be no higher than in the age control [115].

This is different for brain MRI findings, where
white matter changes have been described repeatedly,
but without correlation to epilepsy, intellectual dis-
ability or indeed disease severity. It should be noted
that some frequently quoted early brain MRI and
neurophysiology data were gathered without genetic
confirmation of the diagnosis [e.g. 116]. Even more
puzzling, one study [117] found significantly lower
grey matter volumes in FSHD in comparison to
controls, localised to the left precentral cortex, the
anterior cingulate, and the right frontopolar region by
VBM. These changes did not correlate with disease

duration, deletion size, age at onset or presence of
white matter hyperintensities. Nor did this group
contain cases with epilepsy or intellectual disabil-
ity. There was however correlation to disease severity
(Ricci scale [118]). The demographics of this group
were given as: mean age at onset: 15.8 years (range
10-57) and D474 fragment size 25.9 + 6.9 kb (range
11-35), i.e. two to nine repeats. Unfortunately, data
on hearing loss was not given.

We are not aware of CNS data on — much rarer
— FSHD?2 patients, in the vast majority of whom
a SMCHDI mutation of chromosome 18 leads to
hypomethylation of more than 10 D4Z4 repeats,
which in a 4A haplotype will again cause DUX4
expression [119]. FSHD?2 patients have been judged
“clinically indistinguishable” [120] from FSHDI
patients. This report found 18% patients reporting
symptomatic hearing loss (the average age at disease
onset was given with 26 years, range 0-60, but no
correlation of age with hearing loss), higher than in
FSHDI1 adult populations [115], but the clinical CNS
signs appear so far to be a feature of the FSHD1 cases
with large D474 deletions.

In conclusion, an adult-onset FSHD1 patient may
have asymptomatic brain MRI abnormalities asso-
ciated with the disease. In childhood-onset cases,
cochlear hearing loss is frequently present and has
been found to be progressive in some cases [112].

METABOLIC DISORDERS AND
ENZYMATIC DYSFUNCTIONS

Obviously, many of the genes causing «-
dystroglycanopathies are thought to code for
glycosyltransferases and could be listed here, but
in the interest of gathering disorders of common
pathophysiologies these genes appear above in the
DGC-ECM interaction-associated disease section.

Mitochondrial encephalomyopathies

In its most narrow definition, mitochondrial dis-
orders are clinical syndromes that are associated
with a primary dysfunction of the respiratory chain.
The oxidative phosphorylation (OXPHOS) system
is under dual genetic control of the mitochondrial
(mt) and nuclear DNA. Mitochondrial disorders
result either from primary mtDNA mutations or
from pathogenic mutations of nuclear genes, the
latter displaying an emerging group of adult mito-
chondrial diseases. Nuclear DNA mutations may
directly or indirectly affect respiratory chain enzyme
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activities [121]. Mitochondrial respiratory chain
defects are an important cause of genetically deter-
mined neurological disorders in adulthood, and the
prevalence of adult mitochondrial disease is compa-
rable with the most common forms of inherited neuro-
logical disorders in adulthood [122]. Though almost
all organs can be affected, OXPHOS defects most fre-
quently and severely strike organs with high energy
demands like skeletal muscles and the CNS [123—
125]. Neurons are heavily dependent on mitochondria
for the energy production, but mitochondria also play
an important role in apoptosis, iron-sulphur cluster
biogenesis and calcium buffering in neuronal cells.

Clinical symptoms of CNS involvement include
epilepsy, migraine, stroke-like episodes, generalised
dystonia, cerebellar ataxia, afferent ataxia due to
peripheral neuropathies and/or posterior column
affection of the spinal cord, spastic paraplegia,
psychiatric disorders, behavioural abnormalities,
cognitive dysfunction, dementia, and brainstem
symptoms. In this review, ophthalmological symp-
toms originating from optic nerve and/or retinal
affection are excluded for the reason of limited space.
The neuropathological correlates of brain affection
in mitochondrial disorders are heterogeneous. Neu-
ronal loss, cortical laminar necrosis, deep grey matter
vasculo-necrotic changes, spongy degeneration, glio-
sis, demyelination, and vasogenic edema have been
described affecting grey and white matter of the brain
and spinal cord [126, 127].

Epilepsy

Mitochondria are intimately involved in pathways
leading to neuronal cell death seen in experimen-
tal and human epilepsy. Mitochondrial dysfunction
plays a direct pathogenic role in the process of epilep-
togenesis in certain types of epilepsy [128]. On the
other hand, epileptic seizures can be the presenting
feature of mitochondrial disorders in adulthood usu-
ally related to nuclear DNA or pathogenic mtDNA
point mutations. Mitochondrial disorders in adult-
hood most frequently related with epilepsy are
myoclonus epilepsy with ragged red fibres (MERRF),
mitochondrial encephalomyopathy with lactic acido-
sis and stroke-like episodes (MELAS), mitochondrial
DNA polymerase gamma (POLG)-associated dis-
eases as well as non-classic encephalomyopathic
overlap phenotypes.

Focal seizures characterise the epileptic pre-
sentation in the majority of adult patients and
often show an occipital lobe predilection. They
present as motor seizures, simple or complex focal

seizures, or epilepsia partialis continua, and may
evolve to generalised tonic-clonic seizures, or seg-
mental and generalized myoclonic seizures [129,
130]. In contrast, generalised tonic-clonic seizures
and progressive myoclonus epilepsy are an early
and consistent symptom in specific mitochondrial
encephalopathies in adults including patients har-
bouring the m.8344A>G MT-TK point mutation
associated with MERRF. Generalised progressive
myoclonus epilepsy can also be the presenting feature
in patients harbouring mutations in the POLG gene
or carrying particular mtDNA tRNA mutations, e.g.
in MT-TL1 or MT-TF genes [128, 131, 132]. Muta-
tions in POLG are also attributed to a phenotype
called Mitochondrial Spinocerebellar Ataxia and
Epilepy (MSCAE) [133]. POLG-associated diseases
often present with a focal occipital lobe semiol-
ogy that may coincidence with headache and/or
vomiting clinically resembling migraine with aura.
Disease courses in POLG-associated epilepsy are fre-
quently complicated by epilepsia partialis continua,
refractory epileptic seizures and status epilepticus
with high morbidity and mortality [129, 134, 135].
Mitochondrial disorders attributed to mutations in
COQ8A (ADCK3, CABCI) can also present with
epilepsy, stroke-like episodes and ataxia mimick-
ing POLG-associated diseases [136]. COQSA is one
of several genes associated with primary coenzyme
Q10 (CoQ10) deficiency. Defects of the CoQ10
metabolism and biosynthesis pathways cause a vari-
ety of disorders ranging from isolated myopathy
to multisystem involvement with CNS symptoms
[137]. Onset s typically during infancy or childhood,
but adult-onset cases are increasingly reported with
epilepsy, tremor, ataxia, or coordination problems as
first symptoms.

Classic MELAS is frequently associated with
focal epileptic seizures predominantly affecting the
occipital and temporal lobes. According to a recent
European consensus statement, stroke-like episodes
should be newly defined in terms of an epileptic
encephalopathy and usually origin in focal epileptic
activity of the brain [138].

Cerebellar ataxia

CoQ10 deficiency due to recessive COQ8A muta-
tions has also been described as a potentially treatable
cause of adult-onset ataxia [139]. Cerebellar ataxia
is a common CNS symptom in various mitochon-
drial disorders in adulthood. Ataxia of cerebellar
origin may be present in combination with afferent
ataxia due to spinal cord affection and/or peripheral
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neuropathies usually axonal in nature. Adult-onset
ataxia is usually progressive over time and a
characteristic finding in the clinical syndromes of
MERRF, POLG-associated diseases (“POLG ataxia“
[140]) like MSCAE or Sensory Ataxic Neuropa-
thy, Dysarthria, and Ophthalmoparesis (SANDO),
and adult-onset mitochondrial syndromes associated
with mutations in the mtDNA encoded ATP6 gene
(MT-ATP6) like Neuropathy, Ataxia, and Retinitis
Pigmentosa (NARP). According to data from the Ger-
man mitoNET registry and other local databases from
Europe, USA, Japan, and China, ataxia is present
in more than half of MERRF patients harbouring
the m.8344A>G MT-TK point mutation and in more
than 80% of patients with MT-ATP6-associated mito-
chondrial disorders [141, 142]. The latter finding is
underlined by a recent epidemiological study in the
U.K. showing that ataxia presented the most com-
mon symptom in MT-ATP6-associated mitochondrial
disorders [143]. Ataxia is also frequently reported
in patients harbouring many different mtDNA muta-
tions including mutations in M7T-TLI and even
mtDNA single deletions. Kearns-Sayre Syndrome
(KSS) usually originates in mtDNA single dele-
tions, and the ataxia is one of the prominent clinical
features [144]. Ataxiais also acommon “plus” symp-
tom in chronic progressive external ophthalmoplegia
(CPEO) that is frequently associated with mtDNA
single or multiple deletions [145].

Stroke-like episodes

Stroke-like episodes are often present in mito-
chondrial disorders and one of the main syndromic
features of patients with MELAS due to the
m.3243A>G MT-TLI (“common MELAS®) point
mutation [146]. However, stroke-like episodes are not
restricted to classic MELAS but may equally occur in
patients with other mtDNA point mutations like M7-
TK and MT-ND5 mutations or in POLG-associated
disorders. Stroke-like episodes are typically charac-
terised by a subacute onset, headache, nausea and
vomiting, confusion, visual disturbances and focal-
onset seizures with neurological deficits originating
from the occipital lobes. Brain MRI shows tran-
sient, sometimes persistent, cortical and subcortical
signal abnormalities not confined to vascular terri-
tories. Characteristic stroke-like lesions appear as
T2-weighted signal hyperintensities in brain MRI
typically located in posterior brain regions, how-
ever often migrating to other regions of the brain
in the course of the episode. Data on MR appar-
ent diffusion coefficients (ADC) in the acute phase

of a stroke-like episode are conflicting, however
increased instead of reduced ADC values reflect-
ing vasogenic instead of ischemia-induced cytotoxic
oedema have frequently been reported [147] [Fig. 5].
The underlying mechanism of stroke-like episodes is
still not fully understood. The vascular theory empha-
sises the potential role of mitochondrial angiopathy
and impaired autoregulation of small cerebral ves-
sels resulting in ischemia additionally linking nitric
oxide deficiency with the pathogenesis of stroke-like
episodes [148]. However, the current understanding
of stroke-like episodes focusses on an underlying
focal cerebral metabolic crises usually triggered by
epileptic seizures [138].

Extrapyramidal symptoms

Extrapyramidal symptoms including focal or
generalised dystonia, choreoathetosis, dyskinesia,
akathisia and Parkinson features have been described
in adult-onset mitochondrial disorders, in particular
in the context of POLG-associated diseases [149,
150]. Genetically determined diseases of mtDNA
maintenance most frequently manifest with parkin-
sonism, and idiopathic Parkinson symptoms have
likewise been related to a loss of mtDNA integrity
in nigrostriatal neurons [151]. However, Parkinson
symptoms in classic adult-onset mitochondrial syn-
dromes are very rare in the clinical practice and seem
to respond well to levo-DOPA treatment. In patients
with childhood-onset Leigh syndrome who survive
into young adulthood, marked generalised dystonia
may be a common challenging symptom.

Psychiatric symptoms

Psychiatric symptoms are common in mitochon-
drial disorders in adulthood. To date, this issue has
received little attention in the literature, and primary
mitochondrial disorders are likely underdiagnosed in
psychiatric patients [152]. Psychiatric disorders in
mitochondrial diseases in adults include behavioural
abnormalities, personality disorders, anxiety, mood
disorders like depression, and psychosis. Accord-
ing to our clinical experience, serious psychiatric
symptoms like psychotic episodes are frequently
related to pathogenic mtDNA point mutations in
MT-TLI1 including MELAS and MT-TK includ-
ing MERRF. Further, POLG-associated diseases
commonly present with psychiatric symptoms. Psy-
chiatrists should be aware of typical non-psychiatric
clinical features of mitochondrial dysfunction (“red
flags®) that may be indicative of an underlying pri-
mary mitochondrial disease. These clinical signs and
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Fig. 5. 1.5 T brain MRI. A 53-year-old female patient with MELAS and multiple stroke-like lesions showing an encephalopathic episode
with epileptic seizures, mild left-sided hemiparesis, and dysarthria since 1 week: Diffusion-weighted (a, ) images with corresponding ADC
maps (b, f) show restricted diffusion in the right temporal cortex (arrows). ADC maps are indicative of mixed cytotoxic and vasogenic edema
in these areas (b, f; arrows). Additional non-acute lesions are demonstrated in FLAIR (c, g; arrowheads) and ADC maps (b, f; arrowheads) in
the left temporal lobe. Unenhanced CT (d) shows no calcification and no hemorrhage. There is no enhancement on T1-weighted post-contrast

image (h; arrows) [161].

symptoms can be minimal like multiple lipoma in
MT-TK-related diseases or deafness, diabetes and/or
short stature in M7-TLI mutations, nevertheless can
be highly indicative in individual cases. Importantly,
non-convulsive seizures may cause subacute-onset
neuropsychiatric symptoms in mitochondrial dis-
eases, especially in stroke-like episodes. Some of
these patients present with anxiety, aggressiveness,
agitation or psychosis with auditory or visual hal-
lucinations and are in acute need of anticonvulsive
treatment [138].

Cognitive decline

Cognitive decline and/or early-onset dementia are
widely reported in mitochondrial disorders in adults.
Nevertheless, data is very limited and there are
only few studies on cognitive function in adult-
onset mitochondrial diseases. Recently, a first review
and systematic search of the literature has been
published. Results were variable, but demonstrated
deficits in visuospatial tasks, memory, attention, pro-

cessing speed, and executive functions. Conclusions
from various studies have been compromised by
small sample sizes, diverse genotypes and variabil-
ity of neuropsychologcial test batteries applied [153].
In our practical experience, cognitive impairment is
-similar to psychiatric symptoms quite prevalent in
patients with MT-TLI and MT-TK mutations pre-
senting with MELAS or MERRF. POLG-associated
diseases are often complicated by cognitive dysfunc-
tion, too. However, this might be the consequence
of refractory epilepsy in many cases. According
to data from national registries like the German
mitoNET and databases from Europe, USA, Japan,
and China, cognitive decline is present in almost
50% of patients harbouring mitochondrial MT-ATP6
mutations [142]. In CPEO and KSS patients due
to mtDNA single deletions or the m.3243A>G MT-
TLI mutation, neuropsychological testing did not
reveal general intellectual deterioration, but specific
cognitive deficits, particularly in visual construction,
attention and abstraction/flexibility [154]. In contrast,
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patients with MELAS due to M7-TL1 mutations often
present with a more global cognitive deterioration
[155]. The cognitive decline in MELAS may rapidly
progress to early-onset dementia.

Headache

Headache is a common complaint in adulthood. A
German cross-sectional questionnaire-based study on
patients with various mitochondrial diseases and dif-
ferent genotypes showed that headache was present
in 70% of patients. Tension-type headache showed
the highest prevalence, followed by migraine and
probable migraine [156]. However, migraine with or
without aura is most frequently reported in mito-
chondrial diseases often affecting patients in early
adulthood or adolescence. Migraine or migraine-like
headache is frequently associated with the onset of
a stroke-like episode or a focal epileptic seizure, but
may also occur independently of other neurological
features [157].

Neuroimaging studies in mitochondrial disorders
show heterogeneous results, including stroke-like
lesions, laminar cortical necrosis esp. of occipital
lobes usually following prolonged epileptic seizure
activity, cerebellar atrophy, calcification of deep cere-
bellar nuclei, diffuse cerebellar white matter changes,
global brain atrophy, cerebral deep grey matter
changes, cerebral white matter lesions, leukoen-
cephalopathy, and rarely brainstem or spinal cord
leukodystrophy and atrophy [126, 158]. Brainstem
and spinal cord leukodystrophy is pathognomonic
for “leukoencephalopathy with brainstem and spinal
cord involvement with lactate elevation (LBSL)”
due to mutations in the DARS2 gene encod-
ing the mitochondrial aspartyl-tRNA synthetase,
a childhood-onset, often fatal mitochondrial dis-
order that may be diagnosed in more mildly
affected adolescent and adult patients, too [159].
Beyond LBSL, there are other mitochondrial dis-
eases related to mutated mitochondrial aminoacyl
tRNA synthetases (mt-aaRSs) associated with spe-
cific syndromes that affect the CNS and show
rather characteristic MRI patterns, including EARS2
and AARS?2 leukodystrophies caused by mutations
in mitochondrial glutamyl-tRNA synthetase, and
mitochondrial alanyl-tRNA synthetase, respectively
[160]. Stroke-like lesions are usually present in
MELAS patients suffering from stroke-like episodes.
However, in MELAS and in MELAS overlap pheno-
types without stroke-like episodes, deep grey matter
changes are a distinctive finding in many patients.

Fig. 6. 1.5 T brain MRI, FLAIR sequences. A 25-year-old male
patient with mitochondrial neurogastrointestinal encephalomy-
opathy (MNGIE) harbouring two pathogenic heterozygeous TYMP
mutations.

Global brain atrophy is also a prominent feature and
often accentuated in the cerebellum in m.3243A>G
MT-TLI mutation carriers with encephalomyopathic
phenotypes [161].

CNS symptoms are not necessarily associated
with characteristic neuroimaging findings, and neu-
roimaging findings are not implicitly related to
characteristic clinical phenotypes vice versa. Thus,
a leukoencephalopathy is present in mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE)
per definition [Fig. 6], however usually not associated
with any clinical symptom [162].

Late-onset Pompe Disease (LOPD)

Pompe disease, or glycogen storage disease type I,
is a rare, autosomal recessive, multisystemic dis-
order caused by a deficiency of lysosomal acid
a-glucosidase due to pathogenic GAA gene muta-
tions. The disorder presents either as severe infantile
onset Pompe disease (IOPD) with generalized
muscle weakness, hypotonia, respiratory distress,
and hypertrophic cardiomyopathy. Further disease
forms, childhood-onset and late onset Pompe disease
(LOPD), are characterized by later onset from child-
hood to adulthood, mild to moderate CK elevation,
limb-girdle and axial muscle weakness, and respira-
tory muscle affection. Enzyme replacement therapy
with human recombinant acid a-glucosidase is avail-
able for all disease forms. In adults, this therapy
improves or stabilizes skeletal muscle strength, mus-
cle function, respiratory function, and survival [163].

However, LOPD may present with various ages-at-
onset and a broad clinical spectrum [164]. Although
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Fig.7. 3.0 T brain MRI. 61-year-old male late-onset Pompe disease patient harbouring two pathogenic heterozygous GAA mutations, enzyme
replacement therapy with glucosidase alfa since 9 years. a) FLAIR sequences. Subacute paramedian pontine hemorrhage, chronic ischemic
stroke lesion affecting the left cerebellar hemisphere. b) Susceptibility-weighted images (SWI). Subacute paramedian pontine hemorrhage,
mild ectasia of the basilar artery and dilative angiopathy of vertebral arteries, chronic ischemic stroke lesion affecting the left cerebellar
hemisphere. c) Susceptibility-weighted images (SWI). Multiple microbleeds presenting predominantly as vertebrobasilar circulation disorder.
d) MR angiography shows mild ectasia of the basilar artery and dilative angiopathy of vertebral arteries.

Pompe disease has been considered primarily a neu-
romuscular disorder, it is now evident that it is a
multisystem disease. Involvement of several other
organs including smooth muscles, motor neurons
and also the CNS is frequently present. In fact, the
central, peripheral, and autonomous nervous sys-
tems are often affected, and vascular abnormalities
like aneurysms and cerebral small vessel disease
resulting in minor strokes or cerebral haemorrhage
are frequently observed [Fig. 7a,b]. Recent studies
on CNS affection in LOPD patients applied differ-
ent brain MRI techniques and neuropsychological
testing [165, 166]. In the examined LOPD cohorts,
morphological and functional brain alterations were
present including mild neuropsychological dysfunc-
tion and cerebrovascular alterations not related to
common vascular risk factors, suggesting a major role
of enzyme deficiency in the pathogenesis of brain
abnormalities. In detail, signs of cerebral vasculopa-
thy (cerebral small vessel disease), a dolichoectasia
of the vertebrobasilar system (esp. the basilar artery),
intracranial aneurysms and dilative angiopathy could
be identified in LOPD patients [Fig. 7c,d]. Grey
matter atrophy was also present correlating with
age and disease duration, and resting-state fMRI
demonstrated decreased brain connectivity. Neu-
ropsycholocical functional testing showed that a mild
impairment in executive functions may be present
[166].

Moreover, CNS affection including white matter
lesions, a more severe leucoencephalopathy and/or
cognitive dysfunction has recently been shown in
IOPD patients reaching adulthood under long-term
enzyme replacement therapy that in general is not
able to cross the blood-brain barrier [167]. Therefore,

it is mandatory to include the brain as an additional
target in the development of next-generation thera-
peutic strategies for classic IOPD, but also for LOPD
[168].

Phosphoglycerate Kinase Deficiency

The X-chromosomal disorder that leads to defi-
ciency of this enzyme of the glycolytic pathway
presents with a spectrum of manifestations ranging
from hereditary nonspherocytic haemolytic anaemia,
myopathy (frequently with exertional rhabdomyol-
ysis [169]), intellectual disability to seizures and
possibly juvenile-onset Parkinsonism [170]. Initially,
a haemolytic, a myopathic and a mixed type were
defined. In a review of 33 cases, haemolytic anaemia
with CNS involvement was the most prevalent
combination (one third of patients), with the iso-
lated myopathic presentation somewhat rarer, while
isolated haemolysis and myopathy with CNS dys-
function were rare, and anaemia with myopathy or
a combination of haemolytic anaemia, myopathy
and CNS symptoms very rare presentations [171].
Genotype-phenotype correlation in that collection
pointed to a clustering of mutations affecting the
C-terminal domain of the protein in the isolated myo-
pathic cases. Age at onset in the myopathic cases was
frequently in the patients’ teenage, but occasionally
in adulthood. Affected females have been reported,
but no abnormal brain imaging.

It should be noted that some myopathic cases show
very little glycogen accumulation only detectable in
electron microscopy, e.g. [172], or may even con-
sidered entirely normal [171]. Baseline CK levels in
blood may be normal or high [169]. Biochemical or
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genetic analysis triggered by the clinical presentation
appears to be the way to establish this diagnosis.

OTHERS

Inclusion body myopathy associated with Paget
disease of bone (PDB) and/or frontotemporal
dementia (IBMPFD)

This is an adult-onset, autosomal-dominant disease
caused by mutations in the VCP, the HNRNPAI or the
HNRNPA2BI gene. Only a minority of patients will
develop all three of the eponymous manifestations.
Studies on VCP mutation caused cases — the most
frequent cause — have shown myopathy as the most
frequent (>80%) and earliest sign. This is followed
by Paget disease, with frontotemporal dementia being
the rarest and having the latest clinical onset, typ-
ically about a decade after the muscle and/or bone
manifestations [173, 174]. There is some overlap
with amyotrophic lateral sclerosis, which for clas-
sic VCP IBMPFD is an allelic disease for a small
portion of familial [175] and an even smaller por-
tion of sporadic cases [176]. There has been some
debate whether the cases of Parkinson’s disease
within the collectives of VCP IBMPFD should not
be considered coincidental, due to classical clinical
presentation and response to medication. However,
at 4% patients with Parkinson’s disease in one North
American study [174] with 36 families, the numbers
are clearly above the general prevalence in that age
group.

From a neuropathological point of view, the dis-
ease has been categorised as TDP-43 associated
frontotemporal lobar degeneration FTLD-TDP/
neurodegeneration [177], ubiquitin-positive intranu-
clear inclusions can be found in both, affected
neurons and skeletal muscle. Obviously, brain imag-
ing has been applied to these cases [178] and
dedicated imaging and neuropsychological examina-
tion will discover early signs of FTD [173, 179], if
present, prior to detection of brain atrophy.

This is a disease that will face the adult neu-
rologist with the possibility of diagnosing not only
a myopathy with a frequently unfavourable course
due to respiratory and cardiac involvement, but
an autosomal-dominant neurodegenerative disorder
along with it when attending a case of muscle weak-
ness with onset beyond the third decade of life. In
our experience, the necessary extensive and repeated
counselling about the meaning of molecular diagno-
sis and its impact on the patient’s plans and family

can be challenging, especially with regard to the wide
variability of the clinical manifestations even within
families and what may have been early signs of FTD
in the consulter.

Neuroacanthocytosis disorders

Neuroacanthocytosis syndromes show basal gan-
glia degeneration and red blood cell acanthocytosis.
In this heterogeneous group of disorders, the X-
linked McLeod Syndrome (MLS) and the autosomal
recessive Chorea-Acanthocytosis (ChAc) are also
considered myopathic diseases. This designation is
based on frequently elevated CK in a range of 300
— 3,000 U/1 [180], thereby often in excess of what is
accepted as a result of denervation, the rare case of
rhabdomyolysis [181], EMG results, and the distribu-
tion of damage in muscle imaging [182]. Despite this,
there is plenty of evidence pointing towards a major
component of nerve damage in the peripheral patho-
physiology of these disorders, particularly in MLS
[183].

While genetic testing of XK (MLS) and VPSI3A
gene (ChAc), respectively, will secure the diagnosis,
both disorders can be tested for with high sensitivity
and specificity with blood- and antibody-based pro-
tein testing. In MLS, the Kx antigen will be absent
and the Kell antigens expressed weakly (referred to
as “McLeod phenotype”, regardless of the presence
of symptoms) [184], while in ChAc western blotting
for the chorein protein will show loss or weak signal
of its 360kDa band [185]. Thus, blood typing will
lead to the detection of neurologically asymptomatic
males with the McLeod phenotype that are certainly
at risk of transfusion complications and will most
likely later develop symptoms making them MLS
patients, as penetrance is complete by age 60 but for
rare missense mutation cases [186]. Affected female
MLS carriers are rare.

As first symptoms range from movement disor-
der via psychiatric illness to muscle weakness, the
individual patient’s path to the neuromuscular clinic
will be variable. As far as a typical neurological dis-
ease course for MLS can be described, this would
be the development of movement disorder (predom-
inantly limb chorea) in the third to sixth decade of
life, followed by progressive, predominantly lower
limb weakness involving first distal and later prox-
imal muscles in 60 to 80% of the cases [182, 183].
Generalized seizures occur in about 50% [187]. Sen-
sorimotor axonal neuropathy is a common finding.
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In comparison, ChAc can manifest in childhood or
late in life, but usually at around 30 years with the
movement disorder (limb chorea, oral/ tongue dysto-
nia, but also parkinsonism) [188] or occasionally with
seizures (found in almost 50%) of temporal lobe ori-
gin [189]. Predominantly distal muscle atrophy and
weakness are seen in more than half of the cases,
while some signs of neuropathy like loss of ankle
reflexes are almost always found [188].

In both disorders, psychiatric symptoms are
frequently apparent before onset of the move-
ment disorder. While the range of symptoms
reported is wide, obsessive-compulsive disorder and
schizophrenia-like psychosis seem to be typical, par-
ticularly in ChAc [190]. These are thought to be
caused by disruption of frontal-subcortical loops
due to the degeneration in the caudate nucleus and
putamen, together with executive impairment and
impulsive behaviour and —later in the disease course —
a cognitive decline similar to frontotemporal demen-
tia [190].

Brain imaging will show progressive atrophy of
caudate nuclei and putamen in both diseases [180].
In ChAc further atrophy of frontal lobes as well as
hippocampi and increased T2 signal of caudate nuclei
and putamen have been described [188, 189].

The two disorders can be difficult to differentiate
without genetic or protein diagnostics which is cru-
cial for genetic counselling and cardiac surveillance
since cardiac manifestations like arrhythmia, sudden
cardiac death or dilated cardiomyopathy are found
in more than half of the cases of MLS, but rarely in
ChAc [187].

Note that more widespread changes to the X chro-
mosome can lead to a contiguous gene syndrome,
combining MLS with chronic granulomatous disease,
retinitis pigmentosa and even DMD [191].

CONCLUSION

CNS affection is frequent in adult patients with
chronic childhood- or late-onset diseases tradition-
ally classified as muscular disorders with pure muscle
phenotypes. Progress in the treatment of some condi-
tions with previous early fatality like infantile Pompe
disease or congenital myotonic dystrophy now lead
to “new”, emerging phenotypes of CNS manifesta-
tions of these disorders. While this implies that these
patients will already have an established diagnosis,
it might lead to other challenges in the care for this
group. This will not only result in the need to better

define these CNS manifestations to differentiate them
from independent disorders, but to a potential burden
on the care providers. More detailed knowledge on
brain affection in adult patients with muscle diseases
will have to create a feed-back on the paediatric treat-
ment decisions and of course the treatment methods
in neuromuscular disorders.

With the increasing evidence of structural or
functional CNS involvement in so many disorders
considered primarily diseases of skeletal muscle, it
is time to apply this understanding to our clinical
practice. This involves systematically assessing CNS
symptoms, attributing them to the disorder and inte-
grating them in the care for our patients. It also
implies that many “muscle diseases” for which we
consider tissue for research — skeletal muscle biopsies
— readily available are in fact lacking the collection
of brain tissue even though in many cases there is a
direct overlap with mechanisms involved in neurode-
generative disorders.

Itis of high importance to clarify the nature and nat-
ural history of brain affection against the background
of currently upcoming specific treatment studies in
hereditary myopathies that should include the CNS
as a secondary target. A most clear definition of cere-
bral changes and its surrogate markers is of urgent
need not only to design optimal therapy compounds
but also for the identification of best fitting study
protocols, biomarkers, and appropriate clinical trial
outcome parameters.
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