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Abstract

There is an ever-growing need for molecular biomarkers in assessing clinical course and diagnosing neuromuscular disorders,
as well as in monitoring drug therapy. With the development of high throughput techniques, there has been an acceleration in
the discovery of potential biomarkers. It is quite easy to find potential candidates, but difficult to validate them and translate
into a clinical setting. Neuromuscular diseases (NMD) are a major challenge in terms of finding potential molecular biomarkers,
mainly because of their heterogeneous aetiology and variability in phenotype, their as yet incompletely understood pathop-
hysiology, and their slow clinical progression. Furthermore, it is challenging to assemble a large cohort of patients, as many

NMDs are rare diseases.

In this literature review, we provide an update on the latest discoveries in DNA, RNA, miRNA, epigenetic, protein, metabolic and
cellular biomarkers for NMD. The advantages and potential difficulties of clinical application and the role of identification of
biomarker panels are discussed. We have especially sought to highlight translational biomarkers which can be easily transferred
to the clinic, where they may eventually present possible future therapies related to molecular biomarker discoveries.

Key words: translational biomarkers, neuromuscular diseases, NMD, biomarkers

(Neurol Neurochir Pol 2019; 53 (3): 173-180)

Introduction

In the field of NMD (neuromuscular disorders) there is an
ever-increasing need for new molecular biomarkers. The di-
scovery of new biomarkers is essential, not only for diagnostic
purposes, but also to help monitor disease course in clinical
trials and changes in treatment. This type of biomarker, known
as a pharmacodynamic biomarker, can indicate e.g. if a protein
is restored in the course of treatment. Innovative therapeutic
trials, which tend to be shorter and not always impact pheno-
type, require efficient biomarkers. Some molecular biomarkers

can even replace functional outcome measures in clinical trials
and therapy, i.e. surrogate biomarkers.

A good example of such a surrogate biomarker is dystrop-
hin increase in skeletal muscle during therapy with eteplirsen
[1]. In this case, an effective biomarker enabled accelerated
approval by the United States FDA (Food and Drug Admini-
stration). However, despite much effort and countless deve-
lopments in this field, finding a biomarker suitable for clinical
use remains a challenge. The development of high throughput
technologies such as NGS (next generation sequencing) and
omic technologies for proteins have significantly speeded up
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the process of screening for molecular biomarkers, but have also
at the same time created problems related to the interpretation
of large amounts of data. As screening usually reveals multiple
potential candidates, it is likely that only a few will prove to be
effective in the course of clinical validation, which is demand-
ing, time-consuming, and expensive. The application of a panel
of molecular biomarkers may also be recommended in some
cases. Furthermore, large clinical studies led by international
consortia allow for surveys to be carried out on a large cohort
of patients, something of great importance when dealing with
rare diseases. In this article, we discuss recent advances in the
field of molecular biomarkers for NMDs, analyse approaches
to testing, and review the possible development directions and
clinical applications in this field.

Criteria for useful biomarkers in NMD

According to the NIH (National Institutes of Health),

a biomarker is defined as a “characteristic that is objectively

measured and evaluated as an indicator of normal biological

processes, pathogenic processes, or pharmacologic response
to a therapeutic intervention” [2]. The most important cha-
racteristics of biomarkers for NMD are:

— analytical validity (the ability to accurately distinguish
between normal and altered status as well as treatment
response/non-response),

— clinical validity (the ability to reflect the features of the
disease),

— non-invasiveness,

— feasibility (how simple it is to measure),

— cost-effectiveness (being quick and easy to use) [3].
According to the FDA, an ideal biomarker must be spe-

cifically associated with a particular disease or disease state,

and be able to differentiate between similar physiological con-
ditions [4-5]. Biomarkers should also correlate with clinical
outcomes and radiological measures. In terms of accessibility,
an ideal biomarker would be easily accessible e.g. from plasma

[6]. However, due to the tissue-specific expression of a number

of proteins, biomarkers from muscle and skin biopsies still play

an important role. CK is still widely used as a biomarker in

NMD despite its limitations (it is neither a specific nor a sens-

itive marker for neuromuscular disease). Reliable biomarkers

for NMD in urine or saliva have yet to be identified. In this
article, we will differentiate between seven types of biomarkers:

— diagnostic - to detect or confirm the presence of a disease
or condition of interest, or identify an individual with
a subtype of the disease,

— monitoring - to assess the status of a disease or to detect
the effect of a medical product or biological agent,

— pharmacodynamic response - changes in response to
exposure to a medical product,

— predictive - its presence or change predicts whether an
individual will experience an effect from the exposure to
a medical product,

— prognostic - identifies the likelihood of a clinical event
in an individual,
— safety - indicates the likelihood, presence, or extent of

a toxicity
— susceptibility/risk biomarkers - indicates potential for

developing a disease in a healthy individual [7].

A surrogate biomarker is defined as ‘a biomarker inten-
ded to substitute for a clinical endpoint. Biomarkers used as
an endpoint are often easier to assess and more cost efficient
than clinical biomarkers. Translational biomarkers can be
easily transferred between pre-clinical and clinical research.

Neuromuscular disorders

NMDs are heterogeneous groups of neurological diseases,
including both myopathies as well as neuropathies. The term
encompasses various conditions with a different pathophy-
siological and genetic aetiology, distinct pathophysiological
pattern, and heterogeneous phenotypes, even within one
disease [8]. There are 955 neuromuscular diseases associated
with 535 different genes [9]. They affect directly, by causing
pathology in a muscle, or indirectly, by affecting a neuromu-
scular junction or nerves. The onset varies from infancy to
late adulthood. The most common symptoms include muscle
weakness that can lead to twitching, cramps and pains, muscle
atrophy and hypertrophy, ptosis, swallowing problems, ske-
letal deformities, fatigability, a waddling gait, and respiratory
and cardiac dysfunction. In this article we will concentrate
on muscular dystrophy (DMD, BMD), limb girdle muscular
dystrophy (LGMD), amyotrophic lateral sclerosis (ALS),
facioscapulohumeral muscular dystrophy (FSHD), Charcot-
-Marie-Tooth disease (CMT), spinal muscle atrophy (SMA),
dystrophic myotonias (DM1 and DM2) and Pompe disease
(MP). As some of these neuromuscular diseases are very rare,
one of the main obstacles to discovering potential molecular
biomarkers is the scarcity of samples. Rare neuromuscular
conditions can often remain undiagnosed, which significantly
impacts upon care.

Molecular biomarkers

We classified the biomarkers based on their chemical
structure into:
— DNA
— RNA (including miRNA)
— proteins and peptides
— others (metabolic, cellular) [10].

The main advantages and disadvantages of each class of
biomarker are set out in Table 1.

Genomic biomarkers

RNA, and DNA and DNA epigenetic modifications en-
compass a larger class of genomic biomarkers.

174 www.journals.viamedica.pl/neurologia_neurochirurgia_polska
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Table 1. Advantages and disadvantages of DNA, RNA and protein biomarkers

Type of Advantages Disadvantages
biomarker
DNA High stability Demanding validation
High specificity and discovery process
Good accessibility Difficulties with data
interpretation
RNA Tissue specificity Low stability
Low accessibility
Protein Good accessibility Low stability
High specificity
DNA

DNA biomarkers include SNP (single polymorphism vari-
ant) and CNV (copy number variant) as well as insertions,
deletions and translocations. DNA biomarkers are easily ac-
cessible and repeatable, but their functional meaning is often
difficult to assess. Next generation sequencing (NGS) has
enabled the rapid discovery of new genes in one-gene disorders
and genetic modifiers due to the possibility of finding statistical
correlations between phenotypes and genetic variants.

SNP

A single-nucleotide polymorphism (SNP), which is a varia-
tion in a single nucleotide that occurs at a specific position in
the genome, is a promising alternative biomarker. DMD is one
of the neuromuscular conditions most often screened for SNP
biomarkers, mainly because of the range of phenotypes among
individuals who carry the same mutation. Several indepen-
dent studies have identified genetic diagnostic and prognostic
biomarkers belonging to pathways involved in inflammation,
muscle regeneration and contraction (TGF-p), calcium ho-
meostasis, fibrosis and macrophage infiltration (Cd68) and
genetic modifiers (SPP1) [11]. Large studies, with more than
200 DMD patients enrolled, have shown that the following
variants: V1941, T787A, T820A, and T1140M, form the VITT
and JAAM in LTBP4 haplotypes. LTBP4 encoding TGF-beta-
-binding protein acts as a genetic modifier. Steroid-treated
DMD patients homozygous for IAAM remained ambulatory
significantly longer (up to 12.5 + 3.3 years) than similarly
treated individuals heterozygotes or homozygotes for VITT
(ambulatory up to 10.7 £ 2.1 years under treatment) [12-13].

Another candidate biomarker for DMD is osteopontin
(SPP1). SPP1 expression has been found to be downregu-
lated approximately three-fold in DMD patients with a mild
phenotype compared to those who are severely affected. SNP
-66T>G in the promoter region of SPP1I correlates with greater
DMD phenotype severity [14]. SMN2, PLS3 and ZPRI were
rated as modifiers for SMN2 and EPHA4 and SMN for ALS.
The modifier effect is not yet fully understood, and further stud-
ies are needed [15]. Four single nucleotide SNPs in SIPA1L2 were
recently proved to correlate with foot dorsiflexion strength in

Charcot-Marie-Tooth patients. This study was performed on
more than 300 patients using genome-wide methods [16].

CNV

Another very promising alternative biomarker is a copy
number variation (CNV). This refers to the structural varia-
tions - individually variable repeats in the genome. They have
already found their diagnostic application in diseases such as
CMT1A with PMP22 duplication and SMA with SMN1 dupli-
cation [17]. Some smaller studies regarding CMT showed that
neuropathy-associated CNVs outside of the PMP22 locus are
rare [18]. In ALS, EPHA3 deletion was defined as a potential
protective factor (prognostic and monitoring biomarker), but
here again the data was gathered only in a small study [19].
There are ongoing works for validating potential modifying
CNVs in the SD region of TTN and the TRI region of NEB [20].
One big biomarker study failed to identify CNV biomarkers
in DMD and COL6 myopathies [21].

Epigenetic biomarkers

Epigenetics is a heritable and acquired alteration in gene
activity and expression via chromatin reorganisation without
changes in DNA sequence. Epigenetic alterations can occur
even in the differentiated cells in response to external fac-
tors. Examples of epigenetic changes are DNA methylation
and histone modifications. FSHD is a neuromuscular disease
associated with an impaired methylation pattern. FSHD is
caused by a reduction in the number of 3.3 kb D4Z4 units
arrayed on chromosome 4 to fewer than 11 units. This epi-
genetic pattern results in transcription of the DUX4, which
is normally repressed, but only in patients with permissive
D474 haplotypes. The latest research indicates that other fac-
tors may be involved in DUX4 repression and may therefore act
as biomarkers [22]. These are PRC2 as the complex primarily
responsible for DUX4 repression in FSHD, and H3K9 acety-
lation along with loss of H3K27me3 as key epigenetic events
that result in DUX4 expression [23]. Other examples of the
NMD with impaired epigenetics pattern are Emery-Dreifuss
muscular dystrophy (EDMD) and progeria. It is still not fully
understood how the disease can manifest with two extremely
diverse phenotypes. A decrease of the heterochromatin mark
H3K9me3 in pericentric regions and a downregulation of the
PRC2 may act as a modifier and may be regarded as a prog-
nostic biomarker in assessing the course of the disease [24].

RNA
RNA, and particularly miRNA, has been investigated
as a biomarker in multiple recent studies. Measuring RNA as
biomarkers is effective, as RNA provides the most direct route
for biomarker validation and assay development. A significant
bottleneck in advancing RNA biomarker discoveries to the
clinic is the lack of standardised and robust technologies for

www.journals.viamedica.pl/neurologia_neurochirurgia_polska 175
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measuring RNA biomarkers in situ in clinical specimens, not to
mention the fact that RNA is unstable and not easily accessible.

mRNA

The possibility of whole transcriptome analysis has con-
tributed greatly to the diagnosis and discovery of RNA ex-
pression patterns in numerous NMDs. The limitation is the
tissue-specificity of RNA.

In DM, aberrant alternative splicing plays a key role in the
pathogenesis. The timing of the appearance of certain miss-
-spliced events correlates well with disease severity [25]. Ho-
wever, there is not always a direct link between phenotype and
RNA level. An SMA study (copy variant dependent disease)
surprisingly did not show a clear correlation between SMN
RNA expression and motor function [26]. In hereditary neu-
ropathies, recent studies have proved a correlation with several
RNA biomarkers from skin biopsies (which can be regarded as
prognostic and monitoring biomarkers): PARG, GSTT2, CTSA,
CDA, ENPP1 and NRGI in different metabolic pathways with
disease progression over time [27]. One analysis addressing
whole transcriptome in ALS detected more than 2,000 diffe-
rentially expressed transcripts in whole blood transcriptome
among nearly 400 ALS patients and a large group of healthy
individuals. Nevertheless, data interpretation is challenging
[28]. Whole transcriptome analysis of a DMD animal model
showed different expression patterns in a substantial number of
genes. A major obstacle to this study is data interpretation [29].

Non-coding RNA

In recent years, high throughput technologies have enabled
an outline of how non- coding RNAs play a regulatory role,
providing a potential biomarker for NMD.

miRNAs are non-coding nucleic acids which target mRNA.
They are relatively stable and have high concentrations in the
blood and the cerebrospinal fluid (CSF). MiRNAs are espe-
cially attractive as biomarkers because of their potential utility
in experimental therapy, as some of them correlate with the-
rapeutic outcomes. Several microRNAs showed dysregulated
expression levels in NMD [30]. miR-1, miR-133a, and miR-
206 can be used as powerful prognostic serum biomarkers,
not only in DMD but also in myotonic dystrophy 1 (DM1),
limb-girdle muscular dystrophy (LGMD), facioscapulohume-
ral muscular dystrophy (FSHD), Becker muscular dystrophy
(BMD), and distal myopathy with rimmed vacuoles (DMRV).
DMD is probably the most-investigated NMD in terms of
miRNA. Not only three different miRNAs, also known as
myomiRs (miR-1, miR-133a/b, and miR-206), showed incre-
ased expression in DMD, but also others, such as: miR-208b,
miR-499 and miR-31, were overexpressed in DMD patients
[31-32]. Studies with phosphorodiamidate morpholino oligo-
nucleotide (PMO)-mediated dystrophin restoration therapy in
mdx mice (animal model of DMD) showed the ability of the
therapy to correct the dysregulation of the myomiRs (miR-1,
-133a/b, -206) to normal wild type levels in serum [33]. These

are especially attractive as potential surrogate biomarkers.
Serum levels of miRNAs: miR-206, 143-3p and 374b-5p could
differentiate a patient with ALS from healthy controls and
from patients with other, similar, neuromuscular diseases
[34]. MiR-9, miR-132, miR-206, miR-183 and miR-375 were
identified as prospective biomarkers for SMA [35]. miR-133a
was increased in patients with Pompe disease in a study of
52 patients, while in three newborns miR-133a decreased after
starting a replacement therapy [36].

Piwi-interacting RNAs have only recently been linked
to human diseases. piRNAs are of interest because they have
established gene regulatory functions. Specific serum piRNAs
also responded to exon skipping therapy. The role of Piwi-
-interacting RNAs needs further investigation [37].

Proteins and peptides

Proteomic biomarkers have rapidly developed in recent
years, mainly because of the introduction of new discovery
techniques. Thanks to mass spectrometry (MS)-based pro-
teome profiling and affinity multiplexing assays, candidate
proteins and peptide biomarkers can be identified faster and
more effectively [38]. Protein and peptide biomarkers are easily
accessible and relatively cost effective to test. Their limitations
are instability and problems with repeatability.

CK
A protein diagnostic biomarker still widely used in clinical
practice is creatinine kinase-M (CK-M). This is a diagnostic
biomarker of muscle (sarcolemma) damage. CK can be applied
as a screening parameter for NMD, but it does not correlate
well with disease progression and treatment, and shows va-
riability among individuals.

NfL as marker of nerve damage

Neurofilament is a major cytoskeletal protein, expressed
in both CNS and PNS, which increases during neuronal
damage both in the blood and in the CSF. It is composed of
neurofilament light (NFL), medium (NFM), and heavy (NFH)
chains. NfL is elevated in multiple neurodegenerative disor-
ders, including Alzheimer’s disease, multiple sclerosis, and
frontotemporal dementia. A 20-year study revealed that NfL
can be a reliable biomarker for ALS, particularly when mea-
sured in CSF [39]. Some recent studies have shown that NfL
may find its application as a prognostic biomarker for CMT.
NfL tested in the blood of patients with CMT was increased
compared to healthy controls. This biomarker correlated with
clinical disease severity assessed with Rasch modified CMT
examination and neuropathy scores [40].

Candidate protein biomarkers
Recent studies, based on multi omics techniques, have
identified multiple potential protein biomarkers, but very few
of them have found an application in clinics. DMD is of great
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interest regarding serum protein biomarkers. As potential
candidates, the following proteins have been identified: car-
bonic anhydrase III (CA-IIT), MMP9, TIMP1, osteopontin,
amyoglobin, myosin light chain-3 (MYL3), troponin T, fast
skeletal muscle (TNNT3), plastin-2 (LCP1), protein phospha-
tase 1F (PPM1F) and electron transfer flavoprotein A (ETFA)
[41-43]. They are tied to different pathobiochemical pathways
indicative of muscle fibre leakage, inflammation, fibrosis and
muscle degeneration/regeneration. MMP-9, a serum marker of
degradation and remodelling of the extracellular matrix, was
identified a few years ago as one of the most suitable serum
biomarkers to monitor disease progression and therapy in
DMD [44]. MMP-9 is not specific for DMD and is also elevated
in patients with Bethlem and Ullrich myopathy compared to
controls. The rise in MMP-9 levels in COL6-related myopathies
was less pronounced than in DMD and BMD. Recent studies
have revealed that MMP-9 is not a reliable marker to monitor
disease course in antisense therapy of DMD [45]. High throu-
ghput technologies have highlighted myomesin 3 (MYOM3)
as a potential proteomic biomarker, which correlates well
with clinical course of both LGMD and DMD. MYOMS3 is
a myofibrillar structural protein, present in the sera of DMD
and LGMD2D patients, as well as in their respective animal
models [46]. No powerful candidate biomarker has been
identified in the sera of patients with SMA: there was a trend
correlation with clinical symptoms for a few candidates, but
statistical significance was not reached [47, 48]. Some recent
studies have indicated exosome-derived SMN protein as a pro-
mising biomarker for SMA [48]. For LGMD, troponin I (sTnl),
myosin light chain 3 (Myl3) and fatty acid binding protein
3 (FABP3) have been proposed as potential protein serum
biomarkers. These proteins reached statistical significance
with some clinical endpoints [49]. In CMT patients, a decrease
of some mitochondrial proteins in skin biopsies was noticed
[50]. In a small study of CMT patients, several biomarkers

Table 2. Promising biomarkers for NMD in terms of possible clinical application

Biomarker Disease Chemical class
CK NMD protein
LTBP4 DMD SNP
SPP1 DMD SNP
miR-1,-133a/b, -206 DMD miRNA
miR-133a Pompe disease miRNA
NfL ALS, CMT protein
PGRN ALS protein
MMM-9 DMD protein
Troponin | (sTnl), myosin light LGMD protein
chain 3 (Myl3) and fatty acid

binding protein 3 (FABP3)

Serum amyloid protein and CMT protein

serum transferrin

were identified, including alterations to serum amyloid pro-
tein specific for CMT1 patients and serum transferrin. These
results should be verified on a larger cohort of patients [52].
In ALS patients, the most promising protein biomarkers are
p75 neurotrophin domain and neurofilaments subunit proteins
(NfH and NfL). All these markers are released by neuron or
Schwann cell injury and they are not specific for ALS only. p75,
which regulates growth and cell differentiation, is high after
birth, then decreases in later life and is released to the CSF
by Schwann cell or axonal damage. p75 is also elevated in the
urine of affected individuals and model animals, and increases
with disease progression [53]. Another discussed candidate is
one of the growth factors - progranulin (PGRN), which rises
in CSF as ALS progresses (monitoring biomarker) [54].

Other biomarkers

Metabolites — These are the intermediate end product of
metabolism and are usually various types of small molecules.
A new metabolomics technology to study data from a large
number of metabolites at the same time is called metabolo-
mics [55]. For NMD there are only a few known metabolic
biomarkers, as they are not always useful in this application.
Prostaglandin D2 metabolite is increased in DMD patients
compared to healthy controls [56]. Other studies have shown
increased lipid profile and L-arginine/nitric oxide pathway
imbalance in DMD patients [57, 58]. In omni metabolomics
analysis, IBM (inclusion body miosities) and mitochondrial
neuromuscular diseases clustered differently from other
NMDs. Sorbitol, alanine, myoinositol, and cystathionine
have been proposed as candidate metabolite biomarkers for
mitochondrial myopathies [59].

Cellular biomarkers - for collagen disease in Bethlem
myopathy and Ullrich myopathy, the infiltration of macrop-
hages can serve as a biomarker. A difference between DMD

Comment
Not useful in monitoring disease course; great inter-individual variability
Haplotypes well characterised in a relatively large cohort of DMD patients
Correlates well with time of ambulation loss
Correlates with treatment outcomes
Assessed in a large cohort of patients afflicted with Pompe disease

Large and long term studies on ALS patients; correlates well with ALS
course especially when measured in CSF

Not suitable for monitor splicing therapy

Apart from LGMD expressed also in DMD, BMD, but presents a different
pattern

Serum amyloid protein is specific to CMT genetic type
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and healthy controls can be tested with a flow cytometer. In
the case of SMA, the expression of SMN protein in CD3+,
CD19+, and CD33++ cells from SMA patients was significantly
reduced compared to that in cells from control subjects [60].

Conclusion

Future directions and clinical implications. High-throu-
ghput technologies have enabled fast screening for candidate
biomarkers, but clinical validation remains a challenge.
The integration of molecular biomarkers with clinical end-
points and MRI biomarkers is needed. In some cases, a panel
of biomarkers can be much more sensitive than one. Because
many NMDs are rare, the omics databases should be ava-
ilable for the researcher community. Another challenge is
the interpretation of big data produced in high-throughput
technologies and establishing a reliable pattern of biomarkers
expression in healthy and affected individuals. Novel biomar-
kers such as miRNA and protein biomarkers open new therapy
perspectives as they can correlate with disease course. A few
attractive potential biomarkers have already been outlined,
and their advantages and limitations are set out in Table 2.
Many of them were investigated only in small studies, and
validation on a larger cohort of patients is required. Due to
the discovery of candidate biomarkers, molecular pathogenesis
of NMDs is better understood and potential targets for future
therapies can be identified. Some candidates are attractive
options for surrogate biomarkers in future clinical trials. This
could significantly speed up trials, thus making them more
affordable. The efforts to deliver reliable and sensitive biomar-
kers have intensified in recent years. We hope that some of the
achievements from basic science and pre-clinical trials can be
successfully translated into clinical practice.
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ABSTRACT

Introduction. Stroke remains one of the main causes of death and the most common cause of long-term disability in adults.
Embolic strokes of undetermined source (ESUS) amount to a significant proportion of all ischaemic strokes. Detection of atrial
fibrillation (AF) in this group of patients would allow for a major therapeutic decision to switch from antiplatelets to oral anti-
coagulants and therefore significantly reduce the risk of recurrence.

State of the Art. Current technology allows long-term continuous ECG monitoring with different systems, including implan-
table cardiac monitors (ICM). However, in Poland lack of reimbursement does not allow their use in everyday clinical practice.
Clinical Implications. This is a statement by a Working Group conceived by the Polish National Consultants in Cardiology and
Neurology addressing the use of ICM in patients after ischaemic embolic strokes of undetermined source. The aim was to deve-
lop reasonable and comprehensive guidance on how to select and manage candidates for ICM in order to obtain the maximum
benefit for Polish public health.

Future Directions. This expert opinion is not intended as a guideline but it provides advice as to how to optimise the potential
use of ICM in patients after ESUS in the Polish setting.
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Therapeutic problem

Despite continuous progress in prevention and treatment
observed over recent decades, stroke remains one of the main
causes of death, and the most common cause of long-term
disability, in adults in developed countries [1, 2].

In about 80% of cases stroke is ischaemic [2]. According
to the map of health needs related to hospital treatment in
Poland developed by the Ministry of Health, ischaemic stroke
was the main cause of 64,400 hospital stays in Polish stroke
units in 2016 [3]. Only about 9% of patients with the principal
diagnosis of acute ischaemic stroke were treated in non-stroke
departments [3].

The mortality rate in Polish patients after ischaemic stroke
was 14.5% within 30 days, 21.5% within 90 days, and reached
30.2% at 12 months [3].

In terms of aetiology, stroke is a heterogeneous condition.
Therefore, in order to implement optimal secondary preven-
tion, it is necessary to individually identify its most probable
cause in each patient. According to the generally applicable
TOAST (Trial of Org 10172 in Acute Stroke Treatment) clas-
sification, the main causes of ischaemic stroke may be [4]:

— Large artery atherosclerosis (about 25% of ischaemic
strokes worldwide [5], and 18% in Poland [6]; 5-year
recurrence 23%, 5-year risk of death 31% [7]). Diagnosed
if there is > 50% stenosis or occlusion of a large artery or
its branches supplying the infarct area with no evidence
of a cardiac source of embolism.

— Cardioembolism (about 20% of ischaemic strokes world-
wide [5], and 28% in Poland [6]; 5-year recurrence 25%,
5-year risk of death 65% [7]). Diagnosed if there is at
least one potential source of embolic material (e.g. atrial
fibrillation, prosthetic cardiac valve, left ventricular or
atrial thrombus, sick sinus syndrome, recent myocardial
infarction, dilated cardiomyopathy, akinetic left ventricu-
lar segment, atrial myxoma, infective endocarditis) with
no advanced atherosclerosis of the supplying arteries.

— Small vessel disease (about 25% of ischaemic strokes
worldwide [5], and 12% in Poland [6]; 5-year recurrence
20%, 5-year risk of death about 20% [7]). Diagnosed if
there is no clinical evidence of cerebral cortical dysfun-
ction and no evident infarct focus or a relevant brain stem
lesion or a relevant subcortical lesion measures < 1.5 cm
(so called lacunar lesion).

— Other determined causes (about 5% of ischaemic strokes
worldwide [5], about 4% in Poland). Most frequently diag-
nosed in the presence of nonatherosclerotic vasculopathies
(e.g. dissection, fibrous dysplasia, vasculitis, moyamoya
disease) or hypercoagulable states.

— No clear cause or more than one probable cause (about
25% of ischaemic strokes worldwide [5], and up to 39% of
ischaemic strokes in Poland [6]; 5-year recurrence 23%,
5-year risk of death 25% [7]).

Identification of a cardioembolism is of primary impor-
tance for secondary prevention. Randomised studies have not
revealed any clear benefits of using anti-platelet agents in this
group, which are an implicit standard of treatment of each
ischaemic stroke in the acute phase [8]. However, long term
treatment with vitamin K antagonists is known to reduce the
relative risk of another ischaemic stroke by 64% (NNT 12 in
1 year) [8]. A similar or even higher efficacy in preventing
stroke compared to warfarin, together with a superior safety
profile, has been shown for novel oral anticoagulants (NOAC)
[9, 10]. Moreover, a subsequent ischaemic stroke which occurs
despite treatment with an oral anticoagulant is milder and has
more favourable outcome [11].

Therefore, cardiological diagnostic workup, especially
screening for cardiac arrhythmias, is one of the key elements
of a hospital stay in the stroke unit [12]. A positive history of
atrial fibrillation or its identification after ischaemic stroke is
a clear indication for implementation of oral anticoagulation,
preferably with the use of a NOAC [13].

Research data suggests that a major proportion of strokes
of unknown aetiology, so called ‘cryptogenic’ strokes, have
in fact an embolic origin [5]. For this reason, in 2014, a new
subtype of cryptogenic stroke was introduced: embolic strokes
of undetermined source (ESUS) [5]. The diagnosis of ESUS
requires combination of all following criteria:

— Non-lacunar ischaemic lesion responsible for the symp-
toms detected by computed tomography (CT) or magnetic
resonance imaging (MRI)

— Absence of extracranial or intracranial atherosclerosis
causing > 50% luminal stenosis in arteries supplying the
area of ischaemia (ultrasound, angio-CT or angio-MRI)

— No major risk cardioembolic source of embolism (12-lead
ECG, at least 24-hour Holter ECG monitoring and trans-
thoracic echocardiography)

— No other specific cause of stroke identified
It is estimated that 9-25% of patients with acute ischaemic

stroke meet the criteria of ESUS [6, 14]. Compared to the other
types of ischaemic stroke, patients with ESUS are younger, have
milder neurological deficits, and a better chance of remaining
independent in everyday activities [6, 14]. Therefore, in this
group of patients optimal and intense secondary prevention
is especially justified.

The results of a prospective analysis of patients hospitalised
due to acute stroke at the Institute of Psychiatry and Neuro-
logy between 2001 and 2015 show that the real proportion of
ESUS in Poland is probably between 10% and 20% of all acute
ischaemic strokes [6].

With regard to recurrence (3-6% within one year) and
the potential therapeutic benefit of safe anticoagulation
with NOAC, two randomised clinical trials were conducted
to evaluate the safety and efficacy of long term treatment
with rivaroxaban (NAVIGATE ESUS, terminated premat-
urely in 2017, N = 7,213) or dabigatran (RE-SPECT ESUS,

182 www.journals.viamedica.pl/neurologia_neurochirurgia_polska



Michat M. Farkowski et al., Statement by a Working Group conceived by the Polish National Consultants

completed in 2018, N = 5,390) compared to standard dose
aspirin [14]. Unfortunately, neither of the studies showed
NOAC superiority in preventing strokes [15, 16] (World
Stroke Conference 2018). Moreover, the use of rivaroxa-
ban was associated with an increased risk of haemorrhagic
complications [16].

As a consequence, it must be recognised that the current
concept of ESUS has proved to be clinically impractical. Post
hoc analyses of the abovementioned trials are likely to provide
information as to which ESUS subpopulations might poten-
tially benefit from oral anticoagulation, based on additional
demographic, clinical, imaging and electrophysiological cri-
teria. Nevertheless, the hypotheses generated in this way will
have to be verified in further randomised trials. Considering
the duration of such potential trials, new solutions may appear
no sooner than in a few years.

Therefore, it is reasonable to subject patients currently
classified as having ESUS based on standard diagnostic criteria
to further diagnostic workup. Due to the potential therapeutic
implications, targeting confirmation of a suspected cardioem-
bolism seems to be of particular importance. This will allow
the identification of patients with a potentially higher risk of
recurrence than the average for the whole ESUS group, and
subsequently reduce this risk by the introduction of an oral
anticoagulant.

It is desirable that ECG monitoring initiated shortly after
ESUS be prolonged, especially in the subpopulation with addi-
tional signs of atrial disease [17-22]. Supplementary diagnostic
procedures should be initiated as soon as possible following
the occurrence of stroke, in order to maximise the benefits of
potentially indicated anticoagulation. A delayed diagnosis of
atrial fibrillation after the first ischaemic stroke is related to
a 1.5-fold higher risk of recurrence [23]. It also needs to be
emphasised that the curves of survival free of another stroke
diverge already in the first year of follow-up, later becoming
almost parallel [23].

Standard procedures in the acute phase of
ischaemic stroke

Acute stroke is a life-threatening condition, and as such
requires urgent admission to a stroke unit. The diagnosis of
stroke is based on symptoms and clinical signs with the sup-
port of brain imaging. In Poland, the hospital stay of an acute
stroke patient lasts in most cases eight days or longer. This time
is fully sufficient to conduct the standard diagnostic process
recommended by guidelines, including the guidelines from
the Section of Vascular Diseases at the Polish Neurological
Society [12, 24, 25]:

— Brain imaging: CT (usually), CT and MRI (sometimes),
or only MRI (rarely); performed at least once on admis-
sion to hospital; allows a determination to be made as to
whether the stroke is ischaemic or haemorrhagic; it can

reveal an acute lesion, silent brain infarcts, and signs of
small vessel disease
— Vascular imaging: carotid ultrasound (always), transcra-
nial Doppler (usually), CT angiography or MRI angio-
graphy (sometimes additionally); performed to assess
atherosclerosis and confirm or exclude other less common
vascular pathologies

— Screening for cardiac arrhythmias: resting ECG (at least
once), monitoring of heart rate with a cardiomonitor for
at least 24 hours (almost always), 24-hour Holter monito-
ring (usually); may detect previously undiagnosed atrial
fibrillation

— Echocardiography: transthoracic echocardiography (usu-
ally), transoesophageal echocardiography (as a supple-
mentary examination is some cases); may detect source
of cardiac embolism

Reperfusion therapy is the gold standard of treatment in all
eligible cases. Intravenous thrombolysis is available at all Polish
stroke units and is fully reimbursed. Currently, such treatment
is used in about 13% of patients. Mechanical thrombectomy as
a therapy supporting thrombolytic treatment, or as the therapy
of choice in patients not eligible to thrombolysis, is indicated
for strokes caused by occlusion or critical stenosis. In Poland
it is not reimbursed and is therefore used in less than 1% of
patients. A pilot project launched by the Ministry of Health
in January 2019 should enable reasonable nationwide access
to thrombectomy within the next few years.

All acute patients who are not eligible for reperfusion
therapy should receive anti-platelet therapy (usually 150-
300 mg of aspirin, or sometimes a combination of aspirin and
clopidogrel). Aspirin is also initiated 24 hours after reperfusion
therapy [12, 24, 25].

After the acute phase, long-term treatment with aspirin
75-150 mg is maintained unless the stroke has been considered
to be cardioembolic. In such cases, aspirin should be replaced
with an oral anticoagulant as soon as it is safe for the patient
(12, 24-26].

Atrial fibrillation and ischaemic stroke

According to the guidelines, atrial fibrillation (AF) is diag-
nosed on an electrocardiogram showing completely irregular
R-R intervals with the absence of marked P waves, lasting at
least 30 s [13, 27]. AF is the most common arrhythmia in the
population. Its prevalence in the general population is about
1-2% of patients on average. In selected risk groups (e.g. old
age, ESUS, numerous general and cardiological diseases), this
proportion is much higher [13, 27].

AF aetiology is believed to be multifactorial. It entails
genetic conditioning, as well as comorbidities and lifestyle [27].

AF may become manifest with general weakness, the
sensation of skipping beats, reduced exercise tolerance, chest
discomfort, sleeping disorders or anxiety. Basic AF therapy
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involves a strategy of rhythm control or ventricular rate control
[13]. AF may result in serious complications leading to death or
significant disability: cardiac insufficiency, ischaemic stroke or
peripheral embolism [13]. The basis of primary and secondary
prevention of stroke is oral anticoagulant therapy (OAT). Each
patient should undergo risk stratification regarding vascular
events with the use of a CHA,DS,-VASc scale, and if a score
of 2 or higher is achieved - oral anticoagulation should be
introduced [13]. It must be remembered that a history of
ischaemic stroke adds 2 points to the total CHA,DS,-VASc
score [13]. This means in practice that oral anticoagulation is
indicated for every patient with a history of atrial fibrillation
and ischaemic stroke, regardless of the time of its detection.

ECG monitoring

Due to the potentially serious embolic consequences of AF
and the possibility of their effective prevention, all scientific
societies and expert groups find it justified to screen for AF
patients with a high risk of stroke [13, 27]. ESUS patients also
belong in the group of high risk of both AF and recurrent
stroke. Therefore prolonged ECG monitoring after ESUS is
recommended both during the stroke unit stay and in the
outpatient setting.

Monitoring may be non-invasive (e.g. prolonged Holter
monitoring, external arrhythmia recorders, electronic devices)
or invasive, in the form of an implantable cardiac monitor
(ICM) [27].

Clinical trials have shown that the longer the monitoring,
the greater the chance of detecting AF. In CRYSTAL-AF, the
use of ICM in patients after cryptogenic stroke resulted in
diagnosing AF in an additional 7.5% of patients (8.9% vs 1.4%)
within six months, in an additional 10.4% (12.4% vs 2.0%)
within 12 months, and in an additional 27.0% (30.0% vs 3.0%)
within three full years of follow-up [28, 29]. In another clinical
trial, during a one year follow-up, ICM implantation yielded
an additional 15.3% (17% vs 1.7%) AF diagnoses compared
to 7-day Holter monitoring [30]. Unfortunately, there are no
randomised studies confirming the clinical benefits of anti-
coagulation therapy in AF diagnosis made with the use of
ICM. However, there are no reasons to believe that they will
significantly differ from the benefits experienced by patients
with AF diagnosed with the use of standard ECG monitoring.

In current clinical practice, prolonged ECG monitoring
after a stroke is rare, and qualification for such monitoring is
highly individualised [19]. Such practice results from limited
financial and human resources and definitely brings no benefit
on the level of public health [19]. On the other hand, the high
direct cost of prolonged ECG monitoring require the proper
selection of patients to maximise the proportion of screenings
yielding positive results.

Currently, Polish patients have very limited access to long-
-term ECG monitoring. ICM implantation and follow-up visits

are not reimbursed, and the National Health Fund does not
account for the number of days of Holter ECG monitoring, nor
does it provide separate financing of external or implantable
arrhythmia recorders.

Considering these limitations, and the uncertainty about
long-term benefit, it is suggested that only patients with the
highest risk of AF occurrence should be referred for such
diagnostic workup [18]. Observational studies consistently
point to older age as the main risk factor of the occurrence/
recognition of AF after cryptogenic stroke [20].

Currently there are three initially validated scoring systems
used to stratify the risk of occurrence/recognition of AF in
patients scheduled for long-term ECG monitoring after ESUS
that are worth mentioning. These are: MrWALLETS (from -2 to
5 points) [31], HAVOC (from 0 to 14 points) [32], and Brown
ESUS-AF score (from 0 to 4 points) [33]. According to a group
of experts from the German Cardiac Society and the German
Stroke Society there are several predictors of AF in patients after
ischaemic stroke, including age > 75 years, left atrial diameter
> 45 mm, detection of supraventricular arrhythmias and incre-
ased serum BNP or NT-proBNP level [18]. In contrast, age
< 60 years, left atrial diameter < 40 mm, low number of supra-
ventricular arrhythmias and low serum BNP or NT-proBNP
level suggest a low probability of detecting AF [18].

This set of variables overlaps with the Brown ESUS-AF
score (age 65-74 years = 1 point, age > 75 years = 2 points,
moderate or severe left atrial enlargement = 2 points). The
Brown ESUS-AF score has been developed based on the
analysis of 296 ESUS patients subjected to prolonged ECG
monitoring (initial 30-day external monitoring followed by
optional ICM implantation). Atrial fibrillation was detected
in 21% of patients in a subgroup scoring 2 points (sensitivity
63%, specificity 71%), in 22% of patients scoring 3 points, and
in 56% of patients scoring 4 points [33].

In our opinion, ICM implantation is especially justified
in two groups of patients after an ESUS that did not result
in a permanent loss of independence in performing daily
activities:

— Age 65-74 years with left atrial enlargement > 45 mm
— Age > 75 years with left atrial enlargement > 40 mm

It may be assumed that after such selection ICM moni-
toring should result in the detection of AF in about 30% of
patients (similarly to the group with > 2 points in the Brown
ESUS-AF score).

Clinical aspects of the use of ICM

Modern cardiac implantable electronic devices (CIED:
cardiac pacemakers, cardioverter defibrillators, resynchro-
nisation therapy systems), if they enable direct recording of
atrial electrical activity, are the best model for identifying
supraventricular tachyarrhythmias, since they can do it
continuously, 24 hours a day. The system should allow for an
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intracardiac electrogram (IEGM). Based only on the criterion
of atrial electrical activity, episodes with a rate exceeding
160-170 beats/min are usually considered to be atrial high
rate episodes (AHRE). Such episodes may include various
supraventricular tachycardias, not only episodes of atrial
flutter/fibrillation. Therefore, confirmation of the latter is only
possible via a careful analysis of IEGM. It must be emphasised
that CIEDs are implanted based on a set of well-described
indications, and a diagnosis of AHRE is just a side effect of
the primary function of the device.

The 2016 guidelines of the European Society of Cardio-
logy on atrial fibrillation recommend (as class I indications)
a regular CIED memory interrogation in order to identify
AHRE [13]. Patients with diagnosed AHRE should undergo
further ECG monitoring in order to document potential AF
episodes before the onset of oral anticoagulant therapy, while
IEGM recording is enough to document the arrhythmia. The
same recommendations for patients after stroke suggest the
consideration of additional (more than 72 hours) long-term
ECG monitoring with the use of non-invasive ECG recorders
or ICM in order to document AE. Implantable cardiac monitors
are small devices [mm] 45-88.4 x 7-15.2 x 3-6.2, depending
on the manufacturer and model. The recorders are implanted
subcutaneously in the parasternal region, in the 4th intercostal
space. The battery allows operation of the device for 2-4 years.
The implantation procedure is minimally invasive and perfor-
med under local anaesthesia, in the setting of an operating
room or treatment room, and is characterised by 100% efficacy.
The device is oriented to achieve the highest possible amplitude
of ventricular complexes, usually at a 45 degree angle to the
sternal long axis, along the sternum or in any other position
between the above two.

Another element of the system is the possibility of telemo-
nitoring. A special modem enables automatic transmission of
arrhythmic episodes to a dedicated server. The episodes are
available for a physician taking care of the patient within 24 ho-
urs of their occurrence. ICMs record only ventricular electrical
activity (QRS complexes), so episodes of atrial fibrillation may
be suspected only thanks to special algorithms which assess
irregularities of R-R intervals on the basis of the analysis of
Lorentz plots. Detection of atrial fibrillation is possible when
the arrhythmia lasts for at least two minutes. The algorithms
detecting atrial fibrillation based on the analysis of changes
in R-R intervals are also available in some models of single
chamber cardioverter defibrillators. Basic technical data of
particular ICMs are presented in Table 1.

Device interrogation (including device memory) is usually
conducted every 3-12 months in the device control clinic or
by means of remote control (based on the telemonitoring
technology) with the same time intervals as controls in the
clinic. In the latter case, it is recommended that once a year the
interrogation is performed during a visit to the clinic. As pre-
viously mentioned, the remote control of devices enables not
only automatic reporting at pre-programmed time intervals,

but also immediate transmission of information about a sig-
nificant clinical event (e.g. episode of atrial fibrillation) within
24 hours of its occurrence.

Asymptomatic episodes of atrial fibrillation are much more
frequent than symptomatic ones. In a study by Orlow et al.,
which included 427 patients with an implanted pacemaker in
accordance with applicable indications, the risk of an atrial
high rate episode after two years of follow-up was 53.8% and
88.6% in a subgroup without and with a history of supra-
ventricular tachyarrhythmias, respectively [34]. Moreover,
the episodes were asymptomatic in these groups in 94.7%
and 75.3% of cases, respectively. The symptoms reported
by patients were not consistent with arrhythmia episodes in
most of the enrolled patients. Importantly, as much as 93% of
AHREs were, in fact, supraventricular tachyarrhythmias and
not AFs. In another study involving patients with an implanted
CIED, it was found that as much as 95% of AF episodes are
asymptomatic [35]. The percentage of correct AF diagnoses
based on the analysis of AHRE in the ICM memory increases
with the episode duration: starting from 83% for episodes
> 6 minutes up to 97% for episodes > 6 hours [34]. False
positive AHRE diagnoses are usually caused by episodes
of: repetitive non-reentrant ventriculo-atrial synchrony
(RNRVAS) - 80.4%, R-wave oversensing on the atrial lead
- 7.5%, interference - 6.9%, and other factors - 5.2%.

A subanalysis of the CRYSTAL-AF trial, which included
patients after ischaemic stroke with ICM, compared the
sensitivity of detecting AF episodes between ICM and other
ECG recording methods [36]. Compared to ICM, one 24-hour
Holter examination showed a sensitivity of 1.3%, and a con-
tinuous 30-day examination 22.8%. With a 24-hour Holter
examination repeated every three months this figure was 3.1%,
and with a 7-day examination it was 20.8%. It is apparent that
compared to an AF diagnosis based on implantable episode
recorders, all other analysed methods of ECG registration
allow detection of only one in every four AF episodes.

The latest algorithms of atrial fibrillation implemented in
ICMs are characterised by over 99% sensitivity and a positive
predictive value of 95% [37].

Optimal patient pathway
for ICM implantation

To ensure early detection and quick therapeutic decision
after the occurrence of clinically significant arrhythmia the
process of qualification, implantation and outpatient follow-up
needs to be standardised.

a) Tasks of the stroke centre

+ Identification of an ESUS patient eligible for ICM

implantation

o Briefexplanation of the whole procedure and obtaining

patient’s initial consent to a possible ICM implantation

« Initiation of the process of final qualification for ICM

implantation at the collaborating cardiological centre
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Table 1. Basic technical data of selected implantable arrhythmic episode recorders

Manufacturer Abbott Biotronik Medtronic
Model Confirm Rx™'DM3500 Biomonitor 2 Reveal LINQ
LNQ1
Dimensions (mm): length x width x thickness 49%x9x3 88.4x15.2x6.2 45x7 x4
Volume (cm?®) 14 5 1.2
ECG storage capacity (min) 60 66 59
Diagnosed episodes Asystole, Brady, Tachy, AF Asystole, Brady, AF, HVR, SRD  Asystole, Brady, Tachy, AT, AF
Mean time of operation (years) 2 4 3

AF - atrial fibrillation; AT - atrial tachycardia; HVR - high ventricular rate; SRD - sudden rate drop

b) Tasks of the cardiological centre

o Verification of indications for ICM implantation based

on patient’s medical records and discussing alterna-

tive methods of long-term ECG monitoring that are
currently available

+ ICM implantation

m ICM implantation in the CIED operating room;
perioperative antibiotic prophylaxis in accordance
with local standards is required; the procedure
should be performed by a cardiologist experienced
in CIED implantations

m ICM interrogation before discharge

+ Schedule of follow-up visits

m Permanent remote monitoring in accordance
with the standard of a given centre, but allowing
everyday assessment of ICM report. If remote mo-
nitoring is not possible, additional visits should be
scheduled to ensure that the device is interrogated
every three months.

m  Follow-up visit 3 months after implantation:
assessment of the implantation site and ICM
function

m  Follow-up visits every 12 months

m  Emergency visit in the case of recorded arrhythmia
requiring a therapeutic decision

Observational studies show that the real-life diagnostic
workup in Polish stroke units may not be sufficient to clearly
determine if a given cryptogenic stroke may be classified as
ESUS [6]. Therefore, if the patient has an opportunity of cost-
-free long-term ECG monitoring, it is especially important
to start by making a diagnosis of ESUS as described in the
previous section. It should also be considered to introduce an
additional procedure of 48-72-hour ECG Holter monitoring
or to equip stroke units with telemetric systems capable of
automated detection of arrhythmias and adding it to the NHF
list of procedures for stroke.

Follow-up visits should be performed by a cardiologist
capable of addressing different cardiac conditions. It is impor-
tant to provide the possibility of a telemetric rhythm control
to ensure quick diagnosis of arrhythmias and immediate
implementation of adequate treatment. ICM telemonitoring

was an integral part of the diagnostic strategy used in clinical
trials and therefore influenced the outcomes [28-30].

In our opinion, it is reasonable to maintain ICM and con-
tinue follow-up visits until battery depletion even in patients
with AF detected by the device. This strategy is justified by
the risk coincidence of clinically significant arrhythmias other
than AF, and by the possibility of monitoring the AF treatment
efficacy or diagnosing syncopes. The real costs of outpatient
ICM visits may be considered similar to pacemaker visits,
since they require a detailed overview and verification of all
automatically detected and recorded episodes. The annual
cost of telemedical follow-up is estimated to equal the cost of
four pacemaker visits.

Recommended conditions of arrhythmia
monitoring with ICM following ESUS

a) Neurological centres

o Stroke unit which admits at least 200 patients with
ischaemic stroke a year

+ Equipment and human resources allowing full stan-
dard diagnostic workup necessary to diagnose ESUS
in each patient with cryptogenic ischaemic stroke

« Ability to provide follow-up at the hospital outpatient
neurological clinic

b) Cardiological centres

o Ability to implant ICM within 4 weeks from the first
information received from the cooperating stroke
centre about a patient meeting neurological criteria
of qualification

+ Resources ensuring comprehensive care of AF patient,
i.e. a team experienced in CIED procedures and
electrophysiology (EP), CIED/EP operating theatre,
on-site transthoracic and transoesophageal echocar-
diography, on-site access to prolonged ECG exami-
nation (7-day Holter, external arrhythmia recorders),
CIED outpatient clinic, on-site general cardiological
outpatient clinic

+ Experience in remote monitoring of CIED

o+ DPossibility of delivering a cardiological consultation
on a 24-hour basis
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Health needs at the national level

In order to estimate the health needs in the area of ICM
implantation after ESUS, an additional analysis was conducted
based on the material used in the study of Bembenek et al.,
making the following assumptions [6].

— 'The results presented in the publication of Bembenek
etal. may be extrapolated to the general Polish population
— Inclusion criteria are the first-ever ischaemic stroke, age

2 65 years, and left atrial enlargement
— Annual number of patients admitted to Polish stroke units

for acute ischaemic stroke is 64,400
— Atdischarge from the stroke unit the patient is assessed as

independent in daily activities (0-2 points on the modified

Rankin Scale)

In the basic variant (i.e. assuming that the proportion
of ESUS patients will be equal to the proportion of patients
with a certain ESUS diagnosis), the annual number of patients
eligible for intense prolonged ECG monitoring may amount
to 800. In the maximum variant (i.e. including patients not
classified as certain ESUS due to not having echocardiograp-
hy), the annual number of cases may rise to 1,625.

Additionally, it must be emphasised that the data stored
in the registry did not allow determination of the degree of
left atrial enlargement. This means that the actual population
size is probably less numerous. Moreover, not every patient
will be willing to undergo a procedure that requires repeated
visits to a specialised cardiological centre.

Conclusion

Adequate cardiological workup is one of the main factors
determining the type of pharmacotherapy used in the secon-
dary prevention of ischaemic stroke. In a large proportion of
patients, standard diagnostics do not allow stroke aetiology to
be determined. Therefore, there is a need for closer cooperation
between stroke centres and cardiological centres and a need
for systemic solutions that would facilitate such cooperation.

Research data indicates, that early initiation of prolonged
ECG monitoring in a properly selected group of patients
after embolic stroke of undetermined source could provide
the chance of detecting atrial fibrillation, consequently re-
ducing the risk of recurrence by timely introduction of oral
anticoagulation.

Current technology allows long-term continuous ECG
monitoring with the use of ICM. Due to high patient cost and
the lack of dedicated financing from the NHE, this medical
technology is not available to a Polish stroke patient. Neverthe-
less, considering the health benefits in the context of the whole
population, efforts should be made to implement long term
ECG monitoring after ESUS in reasonably selected patients.
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Prevention of epilepsy in humans - truth or myth?
The experience from Sturge-Weber syndrome
and Tuberous Sclerosis Complex
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Abstract

Introduction. Epilepsy is a chronic neurological disease, usually decreasing the quality of life and often resulting in other
comorbidities e.g. cognitive impairment in children. Despite the recent discovery of new antiepileptic drugs, roughly one in
three patients suffers from drug-resistant seizures. Therefore, the prevention of epilepsy is becoming one of the most important
challenges in medicine. Is it, however, in fact possible to prevent epilepsy?

Clinical reflections and implications. We present the results of preventive antiepileptic treatment in children with Sturge-
-Weber syndrome and Tuberous Sclerosis Complex as examples of the possible prevention of epilepsy and epilepsy-associated

cognitive impairment in children.

Key words: epilepsy, prevention, tuberous sclerosis, Sturge-Weber
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Epilepsy affects approximately 50 million patients world-
wide, with an incidence in paediatric patients that varies from
3.4 to 5.8 per 1,000 [1]. Effective epilepsy treatment and swift
seizure cessation are especially important in children in whom
uncontrolled seizures deteriorate the psychomotor functions,
which leads to cognitive impairment and reduced quality of
life in adulthood [2, 3]. Regardless of the immense progress in
epilepsy treatment that has been made in recent years, drug-
-resistant epilepsy still afflicts roughly 30% of patients [4].
Therefore to the goal should be to try to prevent epilepsy. The
question is whether the prevention of epilepsy is truly possible?

It has been documented that the process of epilepsy deve-
lopment (epileptogenesis) begins with an insulting/triggering
factor (i.e. genetic mutation, injury, metabolic disease). This
is followed by a latent period of changes in protein expres-
sion and ion channel functioning, and finally manifests with
clinical seizures [5]. However, the epileptogenic process does
not end with the occurrence of clinical epilepsy, but persists
beyond the initial seizures, leading to the development of

drug-resistant epilepsy and epilepsy-related comorbidities [5].
Thus, a better understanding of epileptogenesis may lead to
the development of new, antiepileptogenic (AEG) therapies.
There is an important difference between the terms antie-
pileptic (AED) and antiepileptogenic (AEG) drugs. AEDs
(e.g. phenytoin, carbamazepine) are implemented after seizure
onset and reduce seizure frequency and severity but do not
influence epileptogenesis [5, 6]. On the other hand, AEGs may
be introduced before or after epilepsy onset, and they change
the natural course of epilepsy by counteracting epileptogenesis
by prevention, seizure modification, reduction or prevention
of the progression of epilepsy, or curing. Therefore, currently,
the terms antiseizure (ASD) or anticonvulsant, rather than
antiepileptic drug (AED) are beginning to be used in order to
better distinguish the antiepileptogenic from the antiseizure
effects of action [6].

In the light of recent studies on epileptogenesis, a first
step to prevent epilepsy is to identify patients with a high
risk of epilepsy development before the occurrence of clinical

Address for correspondence: Monika Stowiniska, Department of Child Neurology, Medical University of Warsaw, Warsaw, Poland,

e-mail: monikaslowinska91@gmail.com

190 www.journals.viamedica.pl/neurologia_neurochirurgia_polska

M
VIA MEDICA



Monika Stowinska et al., Prevention of epilepsy in humans

seizures. It is well known that patients after traumatic brain
injury or stroke have an increased risk of epilepsy [7, 8]. Ho-
wever, objective studies on epileptogenesis and the possibility
of its prevention are difficult in these groups of patients due
to their considerable heterogeneity in terms of their aetiology,
epilepsy risk, and the variety of environmental and individual
factors that influence epileptogenesis [5, 7, 8].

On the other hand, some paediatric genetic diseases are
highly associated with early-onset epilepsy, leading to more
homogenous groups, and patients may be diagnosed before the
development of clinical seizures, which enables a preventive
intervention. Therefore, such children may be a perfect group
for possible preventive antiepileptogenic treatment and studies
of epileptogenesis.

Sturge-Weber syndrome (SWS) is a vascular neurocuta-
neous disorder with an incidence of 1 in 20,000-50,000 live
births and it is characterised by a very high overall risk of
epilepsy, that reaches 80-90% in the first two years of life
[9, 10]. Due to a characteristic facial naevus, SWS can be
diagnosed early, before epilepsy [11]. The study of Ville et al.
demonstrated that preventive treatment with phenobarbital in
SWS patients significantly decreased the incidence of epilepsy
and delayed development compared to the control SWS group
treated after first seizures [12]. The presence of developmental
venous anomalies and decreased brain tissue perfusion leading
to anoxic brain injury are the major contributory factors to epi-
leptogenesis in SWS [13-15]. Early identification of potential
predicting factors, combined with prophylactic antiepilepto-
genic therapy, may significantly improve the clinical outcome
and life quality of patients.

Another paediatric model for possible antiepileptogenic
intervention is tuberous sclerosis complex (TSC). This is
a genetic neurocutaneous disorder with a high risk of early
onset epilepsy (70-90%) associated with cognitive impairment
(50-60% of TSC patients) and autistic behaviour [16]. TSC
is more frequent than SWS, affecting 1 in 6,000 people and
can be diagnosed very early, before clinical seizures, and even
prenatally [16, 17]. The first seizures in TSC usually occur
within first two years of life, mostly at the age of 4-6 months,
and it has been proved that epileptiform discharges in elec-
troencephalography (EEG) precede clinical seizures in TSC
infants, being a good predictive factor for preventive treatment
[18-20]. Based on the evolution pattern from epileptic EEG
record to clinical seizures, we performed in our previous stu-
dy regular EEG studies in infants with TSC and introduced
preventive treatment with vigabatrin when ictal discharges
occurred in EEG, but before clinical seizures [21]. At the age
of 24 months, significantly more children in the preventive
group were seizure-free compared to the standard group tre-
ated after clinical seizures (35% vs 93%, p = 0.004). Moreover,
fewer children in the preventive cohort had drug-resistant
epilepsy (7% vs 42%, p = 0.021). Also, of great importance for
parents and children, the cognitive functioning of children

treated before clinical seizures was significantly better (mean
1Q: 92.3 vs 68.7, p < 0.05) and intellectual disability was also
less frequent (14.3% vs 48.4%, p = 0.031) [21].

Besides the abovementioned treatment implications, new
and interesting therapy approaches are emerging. Mutations
in TSC1 or TSC2, encoding two tumour suppressor proteins
of the mammalian target of rapamycin (mTOR) pathway,
are known to cause TSC [22]. The mTOR signalling pathway
is recognised as regulating a number of cellular processes
required in the growth, metabolism, structure and intera-
ctions of neuronal cells [23]. Inactivation of one of the TSC
genes results in overactivation of the mTOR pathway, leading
to the development of benign tumours or hamartomas in
multiple organs. In the majority of patients, the brain is one
of the most affected organs, which results in epilepsy, deve-
lopmental delay, and neurobehavioural or neuropsychiatric
disorders [24]. The establishment of a connection between
TSC1/TSC2 mutations and mTOR led to the clinical use of
drugs known as mTOR inhibitors: sirolimus and everolimus.
These are becoming an increasingly interesting tool in the
management of TSC-associated symptoms and epileptogenesis
[23, 25]. It has been demonstrated that mTOR inhibitors can
be used in the treatment of many features of TSC, including
subependymal giant cell astrocytomas (SEGA), renal angio-
myolipomas (AML), lymphangioleiomyomatosis (LAM), and
skin lesions [26-29]. Moreover, EXIST-3, a recent prospective,
randomised, multicentre, placebo-controlled study, established
that everolimus can be used as adjunctive therapy for the
treatment of refractory seizures associated with TSC [30].
Everolimus reduces seizure frequency in a dose-dependent
manner with a tolerable safety profile in TSC patients with
refractory epilepsy [30]. The odds for response in patients
treated with everolimus were 2.2-3.9 times higher than with
a placebo [30]. Furthermore, a positive effect of everolimus
has been observed in a variety of seizure types [30].

In conclusion, we feel that the mTOR pathway represents
a great opportunity for future novel antiepileptogenic drugs.
Moreover, another benefit of the use of mTOR inhibitors in
TSC is the possibility of simultaneously improving not only
one manifestation, e.g. SEGA or seizures, but also other TSC
symptoms. The currently available findings regarding mTOR
inhibitors, both clinical and pre-clinical, are intriguing and
highly supportive of future experiments.

Currently, TSC is considered to be one of the best models
for prospective studies of epileptogenesis in humans due to
ahomogenous group of patients, the possibility of a diagnosis
before seizures, and the possibility of early (before clinical
seizures) and easy detection of epileptogenesis based on ictal
discharges on EEG.

Hence, at present there are two large, multicentre studies
on epilepsy prevention in TSC in Europe and the US ongoing:
EPISTOP (ClinicalTrials.gov Identifier: NCT02098759) (www.
epistop.eu) and PREVENT (ClinicalTrials.gov Identifier:
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NCT02849457). The EPISTOP project is focused not only
on the prevention of epilepsy but also on the identification
of the clinical and molecular biomarkers of epileptogenesis
in humans. The project ended in April 2019 and the results
of EPISTOP may shed new light on the management and
prevention of epilepsy in humans.

Undoubtedly, the prevention of epilepsy is a serious
challenge. However, prevention is possible, and it has been
proved that preventive treatment may be particularly effective
and important in epileptic encephalopathies such as TSC and
SWS, reducing not only seizures but also their comorbidities
[31]. Future studies using predictive biomarkers will demon-
strate the extent to which this may be useful in other types of
seizures, and in adult patients.
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ABSTRACT

Background and Objectives. Multiple sclerosis (MS) is a chronic inflammatory, autoimmune disease with a still unknown aetio-
logy. The main initial mechanism of demyelination and injury to the central nervous system (CNS) appears to be inflammation.
Neurotoxicity induced by homocysteine (Hcy) may be a factor affecting this process. 5,10-methylenetetrahydrofolate reductase
(MTHFR) is an essential enzyme involved in Hcy metabolism. It leads to Hcy remethylation to methionine. In the present study,
we aimed to investigate a possible association between two variants of MTHFR gene in patients with MS in Poland and healthy
individuals.

Methods. In this study, we genotyped 174 relapsing-remitting MS patients and 186 healthy controls using the TagMan
technique.

Results and Conclusions. It was found that, regardless of the presence of a specific allele, the gender of MS patients affects
age at the time of the clinical onset of the disease: in rs1801133 for the C allele and T, the average age was 35 years for women
and 29 for men (p = 0.0004; p = 0.034 respectively). Similarly for the second polymorphism rs1801131 for the A allele and C, the
average age was 35 years for women and 29 for men (p = 0.001; p = 0.01 respectively). No significant allelic / genotypic frequ-
ency differences have been observed between the studied groups (c.677C >T, CT/TT p=0.719, p=0.262; ¢.1298A > C, AC/CC of
p = 0.686; p = 0.66). We found no association between polymorphisms of a folate-homocysteine-methionine-SAM metabolising
gene enzyme and multiple sclerosis in a Polish population.

Key words: multiple sclerosis, polymorphism, MTHFR gene, folate
(Neurol Neurochir Pol 2019; 53 (3): 194-198)

Introduction

Multiple sclerosis (MS) is a chronic inflammatory, autoim-
mune disease with a still unknown aetiology. The main initial
mechanism of demyelination and injury to the central nervous
system (CNS) appears to be inflammation [1]. The neurotoxi-
city induced by homocysteine (Hcy) action is considered to

be one of the factors that triggers this process. Several studies
have shown an increase in Hey levels in patients with MS [2, 3],
which leads to reactive oxygen species generation as a result
of sulthydryl group oxidation. The effect of this process is ex-
cessive N-methyl-D-aspartate receptor stimulation leading to
neuronal damage through the exaggerated calcium ion influx
[4, 5]. An important factor necessary for CNS myelination is
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an appropriate level of S-Adenosylmethionine (SAM). 5,10 -
methylenetetrahydrofolate reductase (MTHFR) is an essential
enzyme in Hcy metabolism that leads to its remethylation to
methionine, which is a precursor of SAM. MTHFR is coded by
a gene localised in one chromosome (gene ID 4524, 1p36.22)
and is a key folate — homocysteine - methionine - SAM me-
tabolising enzyme [1]. Two common polymorphic variants
influence MTHFR activity, which can lead to hyperhomo-
cysteinemia. This metabolic effect is considered to be a po-
ssible mechanism predisposing for myelin pathology in MS.
The C677T and A1289C of MTHER gene polymorphisms are
a missense mutation leading to aminoacid change and sub-
sequent reduction in enzyme activity. This has been reported
as a genetic susceptibility factor in a few population studies
of relapsing - remitting MS patients [6-8]. The relationship
between MTHEFR polymorphisms and multiple sclerosis has
not been investigated in a Polish population thus far. In the
present study, we investigated a possible association between
two variants of the MTHEFR gene in a Polish multiple sclerosis
population and a control group.

Materials and Methods

Study population

The study population consisted of 174 unrelated patients
(124 women and 50 men) with clinically defined relapsing
- remitting MS according to McDonald’s criteria [9]. All
patients were recruited from the Department of Neurology,
Medical University of Bialystok. The average age of the pa-
tients at the time of diagnosis was 40 years (41.14 £ 0.79),
and the mean disease duration was 8 years (8.12 + 0.42).
MS patients were treated with interferon p (a/b), glatiramer
acetate, natalizumab, or fingolimod. Physical disability was
assessed using the Expanded Disability Status Scale (EDSS)
score. The control group included 186 healthy volunteers
(mean age 38.7 + 1.23; 75 women and 111 men) with no family
history of any autoimmune disease. The study was approved
by the local Bioethics Committee (Medical University of
Bialystok) and written informed consent was obtained from
all the participants.

MTHEFR Genotyping

DNA was extracted from peripheral whole blood leuko-
cytes. Genotyping through a single nucleotide polymorphism
(SNP) was performed using the 7900HT Fast Real-Time PCR
System (Applied Biosystems, USA). All SNPs in the MTHFR
gene (rs1801133 - C677T, rs1801131 - A1298C) were geno-
typed by TagMan assay, SNP technology, from a ready-to-use
human probes library (Applied Biosystems, Foster City, CA,
USA) with the TagMan Genotyping Master Mix (Applied
Biosystems, Foster City, CA, USA) in a 20yl reaction volume.
The final concentration of genomic DNA for all samples in the
experiment sample was 10ng/pl. The reactions were carried
out under the following conditions: 10 min at 95°C for starting

Hot-Start Taq polymerase activity, 40 cycles of 92°C for 15 s
and 60°C for 1 min.

Statistical analysis

Descriptive statistics including mean, standard error of
the mean and the median were calculated for selected clini-
cal measurements, henceforth called features. To determine
whether the features’ distributions statistically significantly
differed between the defined groups, either the parametric [10]
or the non-parametric [11] approach was used. The choice of
appropriate method was made based upon the fulfillment of
normality and homogeneity of variance assumptions, and the
non-parametric approach was chosen in the case of violation
of at least one of the conditions. The normality of the features’
distributions was checked using the Shapiro-Wilk test [12]
and the homogeneity of variances using Levene’s test [13]. To
address the problem of multiple testing appearing in post-hoc
analyses, the false discovery rate (FDR) p-value adjustment
method [14] was applied. Median unbiased estimator (mid-p)
of the odds ratio, the exact confidence interval and the associa-
ted p-value, both obtained using the mid-p method [15], were
used to assess the strength of a relationship between genotype
or allele occurrence and the patient’s status. Significance level
was set at 0.05 for all calculations. The R software environment
[16] was exploited for all calculations.

Results

The distribution of alleles and genotypes in the two ana-
lysed groups, MS patients and healthy controls, is shown in
Table 1. There were no significant differences between the
presence of the polymorphic variants, allele T and genotypes

Table 1. Distributions of genotypes and alleles in MTHFR gene poly-
morphisms rs1801133 and rs1801131 in multiple sclerosis and healthy
groups

SNP MS group Control group P
N=174 N=186 (95% CI)
rs 1801133
CC 94 (54%) 99 (53.2%) NS
cT 67 (38.5%) 80 (43%) NS
T 13 (7.5%) 7 (3.8%) NS
@ 255 (73.3%) 278 (74.7%) NS
T 93 (26.7%) 94 (25.3%) NS
rs 1801131
AA 77 (44.2%) 83 (44.6%) NS
AC 73 (41.9%) 83 (44.6%) NS
cC 24 (13.8%) 20(10.8%) NS
A 227 (69.6%) 249 (67%) NS
121 (30.4%) 123 (33%) NS
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Table 2. Distributions of genotypes and alleles in MTHFR gene polymorphisms rs1801133 and rs1801131 in multiple sclerosis and healthy groups with sex

stratification

Control group P

Female Male (95% C1)

N=75 N=111

MS group

Female

N=124
rs 1801133
cC 69 (55.6%) 24 (48%)
T 43 (34.7%) 22 (44%)
T 9(7.3%) 4 (8%)
C 181 (73%) 70 (70%)
T 61 (27%) 30 (30%)
rs 1801131
AA 56 (45.2%) 23 (46%)
AC 48 (38.7%) 23 (46%)
CC 20 (16.1%) 4 (8%)
A 154 (63.6%) 69 (69%)

88 (36.4%) 31(31%)

CT/TT of rs1801133 (p = 0.719; p = 0.262), and allele C and
genotypes AC/CC of rs1801131 (p = 0.686; p = 0.66) in the
MTHER gene in both studied groups. We observed a very
similar count in the MS cases and the controls in allele distri-
bution in both assessed polymorphisms (C - 73.2% vs 74.7%;
T -26.7% vs 25.3%; A - 65.2% vs 66.9%; C - 34.7% vs 33%).
The MS patients and the control group did not significantly
differ after stratification into sexes (Tab. 2). Nevertheless,
sex stratification of patients with MS showed statistically
significant differences in the age of disease onset. Regardless
of the presence of a specific allele, the sex of patients with
MS affected the age differences at the time of clinical onset of
the disease: in rs1801133 polymorphism for the C allele, the
average age was 35 for women and 29 for men (p = 0.0004);
for the T allele, the average age was 35 for women and 29 for
men (p = 0.034). In the rs1801131 polymorphism for the
A allele, the average age was 35 for women and 29 for men
(p=0.001); for the C allele, the average age was 35 for women
and 29 for men (p = 0.01) (Tab. 3).

There was no statistically significant association between
MTHFR gene C677T and A1298C polymorphisms and any
other clinical characteristic features of MS patients (except
for duration of disease and EDSS scale score).

Discussion

The strong influences of environmental and genetic
factors are considered in the pathogenesis of MS [17]. In
many case-control studies in different populations, parti-
cular genes have been found to be possible genetic factors
that can increase the risk of MS [18-21]. In our study, we
investigated the possible link between two variants of the
MTHEFR gene in Polish patients with MS and a control group.

41 (54.6%) 58(52.3%) NS
34 (45.4%) 46 (41.4%) NS
= 7 (6.3%) NS

116 (77.3%) 162 (73%) NS
34 (22.7%) 60 (27%) NS
38 (50.6%) 45 (40.5%) NS
29 (38.7%) 54 (48.6%) NS
8 (10.7%) 12 (10.9%) NS
105 (70%) 144 (65%) NS
45 (30%) 78 (34%) NS

Table 3. Mean age in years at disease onset of MS and distributions of
alleles in MTHFR gene polymorphisms rs1801133 and rs1801131 in female
and male patients

SNP Female MS Male MS P
(95% Cl)

rs1801133

C 34.6 (+ 0.80) 29.13 (£ 0.94) 0.0004

T 34.57 (£1.37) 29.3 (£ 1.59) 0.034

rs1801131

A 34.13 (£ 0.86) 29.47 (£ 0.99) 0.001

C 34.13 (£ 1.15) 28.53 (£ 1.41) 0.01

The reduction of the enzyme activity encoded by the MTHFR
gene, 5.10 methylenetetrahydrofolate reductase, disturbs the
folate acid metabolism cycle and nucleic acid synthesis, as
aresult of single nucleotide polymorphisms. MTHER reduces
5.10 -methylenetetrahydrofolate to 5-methylenetetrahydro-
folate which is a key factor of remethylation of neurotoxic
homocysteine to methionine. The inhibition of this process
leads to hyperhomocysteinemia and causes the formation of
free radicals damaging the myelin. Methionine is a precursor
of S-Adenosylmethionine, which is essential for CNS myeli-
nation [, 5].

We assessed the two molecular variants of the MTHFR
gene, ¢.677C > T and ¢.1298A > C, which lead to decreased
product activity encoded by this gene. To the best of our kno-
wledge, this is the first study based on a Polish population. In
both analysed polymorphisms, regardless of the presence of
the wild type or polymorphic allele, the average age at diag-
nosis with MS in women was higher than in men (35 years
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vs 29 years). This means that sex is a modulating factor that
can influence the age of multiple sclerosis onset. This result
is consistent with data published by Confavreux and Vukusic
from a French population [22]. However, there is some evi-
dence that women have earlier onset of MS than men [23].
These differences may be related to the existence of various
demographic, geographic, genetic, or environmental factors
that affect the age of MS onset in both women and men.

The results of the presented study did not show an as-
sociation between the studied polymorphisms and multiple
sclerosis in our population. There were no significant diffe-
rences between the distribution of missense variants in the
MTHER gene in both studied groups. We also analysed the
association of SNPs between the chosen clinical features of
patients with MS, but they did not bring the expected effect.
Our results are comparable with some earlier published
studies in other populations. Szvetko et al. did not find any
link between the c.1298A > C variant of the MTHFR gene
in an Australian multiple sclerosis population. The analysed
group of patients had lower results than in our investigation
[15]. In a Tunisian population, Mrissa et al. obtained similar
results as in the present study in relation to variant C677T, but
opposite results in terms of variant A1298C. They observed
an association of the ¢.1298A > C missense variant with the
studied MS population [7]. In another case-control study in
Turkish MS patients, the authors demonstrated statistically
significant differences between the analysed groups. These
associations were observed when patients were compared
with the controls according to CC genotype versus CT + TT
genotypes [8]. Klotz et al. published very interesting data.
They found the occurrence of the wild type of a homozygo-
sity AA variant in a group of healthy controls with a higher
frequency than in patients with MS. This may suggest that
the presence of this genotype is a protective factor against
MS development. In addition, the authors did not show a re-
lationship of variant C677T with the MS group [6]. Among
the studies described above, none of them revealed a rela-
tionship with the age of disease onset or sex stratification of
the studied polymorphisms.

The discrepancies between the data of other studies and
our results may be due to various reasons, with the most no-
table being inter-ethnic and geographical genetic differences.
These discrepancies may also depend on allele frequency,
genome location on chromosomes, various LD patterns (lin-
kage disequilibrium) in the populations, different evolutionary
histories of genes affecting complex diseases, and the effect of
numerous environmental factors. Our results could also have
been affected by the small study groups, which may explain the
lack of statistical significance. Moreover, the overall statistical
approach could be impacted by the research design and criteria
for patient inclusion. Replication in a larger sample set, and
other populations, is necessary to confirm these findings and
to expand our knowledge in this area.

Clinical implications

The results of our research are contradictory to those
of some reports, but they also confirm others. The recently
published results of a meta-analysis clearly indicate a lack
of a relationship between both polymorphic variants c.677C
> T and ¢.1298A > C of MTHFR gene with MS. The analysed
population consisted of approximately 2,500 patients with MS
and almost 3,000 healthy individuals [25].

Our results encourage us to do further research. We found
that, regardless of the presence of a specific allele, the sex of
MS patients affects the age differences at the time of the cli-
nical onset of the disease. We plan to expand the study group
in the future and include patients with other types of MS
(i.e. primary progressive and secondary progressive).
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ABSTRACT

To investigate the discrepancy between 11C-methionine (MET) positron emission tomography (PET) and MRI results in primary
glioblastoma multiforme (GBM) through three-dimensional (3D) volumetric analysis, we retrospectively analysed patients with
primary GBM who underwent preoperative 3D MRI and MET PET and were operated between June 2016 and January 2017.
Tumour delineation and volumetric analysis were conducted using MRIcron software. Tumour volumes defined by MRI (VMRI)
were manually drawn slice by slice in axial and sagittal or coronal images of enhanced T1 sequence, while metabolic tumour
volumes were automatically segmented in MET PET (VMET) based on three (frontal, occipital and temporal) 3D reference volu-
mes of interest (VOI). Discrepancies were evaluated in terms of both absolute volume and percentage on the combined images.
MET PET contours contained and extended beyond MRI contours in all five patients; in a subset of cases, MET PET contours ex-
tended to the contralateral hemisphere. The discrepancy between MET uptake and MRI results was 27.67 cm” (4.20-51.20 cm’),
i.e. approximately 39.0% (17.4-64.3%) of the metabolic tumour volume was located outside the volumes of the Gd-enhanced
area. Metabolic tumour volume is substantially underestimated by Gd-enhanced area in patients with primary GBM. Quantita-
tive volumetric information derived from MET uptake is useful in defining tumour targets and designing individualised therapy

strategies in primary GBM.

Key words: Volumetric analysis, glioblastoma multiforme, MRI, 11C-methionine

(Neurol Neurochir Pol 2019; 53 (3): 199-204)

Introduction

Glioma is the most common primary brain tumour
of the central nervous system in adults (38%). The World
Health Organisation (WHO) has established criteria for
classifying glioma into four histological grades according
to the tumour’s pathological morphology [1]. Glioblastoma
multiforme (GBM), the highest grade glioma, is intensively in-
filtrative and has a diffuse border with the brain parenchyma.
As a consequence, defining tumour boundaries for treatment
is challenging. Magnetic resonance imaging (MRI) is the most
widely used imaging modality and the standard reference for

diagnosis, therapy planning and follow-up of GBM tumours.
Inhomogeneous enhancement and necrosis characterise the
majority of GBM lesions [2]. The standard MRI sequence
for calculating tumour volume and planning the extent of
surgery for high-grade gliomas is gadolinium (Gd) enhanced
T1-weighted imaging [3]. However, MRI cannot precisely
delineate tumour volume and is insufficient in helping to
achieve total resection of glioblastoma, because T2-weighted
imaging can incorporate both tumour tissue and perifocal
oedema [4], and high-grade glioma cells are not limited to the
Gd-enhanced volume in MRI T1 images [5, 6] and in fact can
be located up to 30 mm beyond the Gd-enhanced area [7].
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Positron emission tomography (PET) with metabolic
tracers has played an important role in neurooncology [8, 9].
Radiolabelled amino acids, such as "'C-methionine (MET)
PET, reflect the extent of tumour boundaries in GBM more
reliably than CT or MRI, because Gd-enhanced areas in
MRI represent disruptions of the brain-blood barrier, while
MET uptake correlates with tumour cell density or prolife-
rative capability, thus more closely reflecting the properties
of glioblastoma multiforme [10-13]. Complete resection of
MET uptake areas has been shown to increase survival of
high-grade glioma patients in previous studies [14, 15]. Both
qualitative and semiquantitative analysis of Gd-enhanced
T1 and MET PET in GBM have revealed discrepancies
between the two modalities [7, 16, 17], but these studies
reported neither volumetric analysis of entire tumours nor
volume information of any sort. To date, only a few studies
have conducted volumetric calculation [18, 19], and no 3D
volumetric analysis of discrepancies between MRI and MET
PET has been performed focusing on primary GBM.

The current study therefore aimed to investigate differen-
ces in estimates of primary GBM tumour volume based on
3D MRI and MET PET.

Materials and methods

Patients

Firstly, we retrospectively reviewed the neurosurgery
database and found a total of 461 brain tumour operations
performed between June 2016 and January 2017. Secondly,
patients were screened for pathological confirmation of
GBM, with 31 patients thereby selected. Finally, patients
were required to meet all of the following inclusion criteria:
(1) they had no prior biopsy or treatment; (2) they had
available data from preoperative 3D whole brain contrast-
-enhanced MRI and MET PET; and (3) the interval between
these two examinations was less than seven days. The final
study population consisted of five patients, whose clinical data
is set out in Table 1. The protocol of this study was approved
by the Research Ethics Committee of the Hospital.

Image acquisition

MR images were obtained using a 3.0-Tesla MR scanner
(Discovery MR750, General Electric, Milwaukee, W1, USA).
Sagittal 3D T1-weighted images were acquired using a whole
brain sequence with the following parameters: repetition
time (TR) = 8.2 ms; echo time (TE) = 3.2 ms; inversion time
(TI) = 450 ms; flip angle (FA) = 12°; field of view (FOV)
= 256 mm x 256 mm; and matrix = 256 x 256; slice thickness
= I mm, no gap.

PET images were acquired with a dedicated PET/CT
scanner (Discovery LS, GE Medical Systems, Milwaukee,
WI, USA). Patients fasted for at least six hours before exa-
mination; a dose of 555-740 MBq (15-20 mCi) MET was
injected intravenously within one minute. Static emission

scanning was performed for a minimum of 20 minutes after
MET injection in 3D mode (FOV 