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ABSTRACT
Introduction. Assessment of the clinical course, neuroimaging and histopathological changes suggests that multiple sclerosis 
(MS) should not be defined merely as a focal inflammatory disease of the central nervous system (CNS) because the essence of 
the disease is due to a diffuse, ‘smouldering’, pathophysiological process.

State of the art. Progression independent of relapse activity (PIRA) is the clinical indicator of smouldering MS. Multiple patho-
mechanical factors determining smouldering MS have been identified, i.e. continuous activation of microglia, which is the 
source of smouldering inflammation and the failure of remyelination in MS.

Clinical implications. Our paper presents new neuroimaging markers, including paramagnetic rim lesions (PRLs) and slowly 
expanding lesions (SELs), potential methods for clinical evaluation and promising therapeutic options, i.e. Bruton’s tyrosine 
kinase inhibitors that prevent PIRA in smouldering MS. With the duration of MS, the efficacy of the current immunomodulatory 
treatment is reduced, and its effect is insufficient to control smouldering MS.

Future directions. Innovative insights into the pathophysiology and clinical course warrant the need for a holistic approach 
to MS. The efforts of clinicians should be aimed at indicating subtle neurological deficits in physical performance and cognitive 
functioning to characterise the disease progression in its early stages. Undoubtedly, a new era for MS is coming in which new 
resonance markers will be used together with clinical methods to assess smouldering MS, and the treatment will include com-
bination therapy with consideration of drugs that reduce relapse rates and therapy aimed at inhibiting disease progression.
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Introduction

According to the commonly accepted definition, multiple 
sclerosis (MS) is a chronic autoimmune and inflammatory 
disease of the central nervous system (CNS), leading to 

demyelination, axonal damage and neurodegeneration [1, 2]. 
The clinical, histopathological and neuroimaging data, how-
ever, indicates that MS is not a focal inflammation of the CNS. 
The nature of the condition is due to a diffuse ‘smouldering’ 
pathophysiological process that occurs with concomitant 
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inflammation that is a response of the immune system to other 
primary causes of the disease [3].

This innovative approach has allowed the introduction of 
the term smouldering MS, which is characterised as chronic 
neuroinflammation in the white matter, the subpial region and 
the cortex associated with cortical neurodegeneration and the 
loss of brain volume, which results in disability progression 
[3–5]. The natural history of the disease often indicates clin-
ical deterioration in MS patients, who present with disability 
progression with the simultaneous absence of inflammatory 
activity, understood as the absence of relapses and the absence 
of new or expanding demyelinating lesions on T2-weighted 
images or contrast-enhancing lesions on T1-weighted images 
on magnetic resonance imaging (MRI). This process is referred 
to as progression independent of relapse activity (PIRA), which 
is a clinical indicator of smouldering MS that needs to be dis-
tinguished from relapse-associated worsening (RAW) [6]. In 
addition, Kappos et al. have confirmed that PIRA and RAW 
are non-mutually exclusive processes leading to confirmed 
disability accumulation (CDA) in relapsing and progressive 
phenotypes of MS [6]. Progressive and irreversible disability 
caused by axonal and neuronal loss is found in the early stages 
of the disease [7, 8], which further suggests a continuum of 
relapsing and progressive phenotypes of MS. 

Histopathologically, smouldering MS is characterised by 
chronic active plaques with an inactive centre and an active 
rim with microglia, macrophages and oligodendrocytes. In 
post mortem studies, chronic active plaques are predomi-
nant around 47 years of age and occur almost exclusively in 
progressive forms, thus confirming the dynamic nature of 
pathological processes in MS [9].

The aims of this study were to present MS in the context 
of smouldering disease, to discuss its biological and immuno-
logical causes, and to identify the determinants and potential 
radiological biomarkers of smouldering MS and their use in 
daily clinical practice, both in terms of disease progression 
and new therapeutic options.

State of the art 

Immune system and smouldering MS 
Many studies have confirmed the important role of activat-

ed innate and adaptive immune cells in the pathogenesis of MS 
[10, 11]. The population of autoreactive B and T lymphocytes 
represents identifiable factors leading to peripheral patho-
logical processes in the immune system in MS patients. Due 
to their activity, acute peripheral inflammation is observed. 
This manifests as focal inflammatory lesions in the CNS and 
relapses [12]. In turn, pro-inflammatory microglia, mac-
rophages and resident B cells are responsible for chronic CNS 
neuroinflammation, which develops in the early period of the 
disease and leads to CDA [10]. The autoimmune pathological 
process of MS is the result of the two associated inflammatory 

pathways, i.e. acute peripheral neuroinflammation and chronic 
neuroinflammation. 

However, according to the ‘smouldering MS’ concept, focal 
inflammatory lesions of the CNS are only secondary to the loss 
of axons and neurons. Their destruction results in the release of  
myelin antigens, which initiate pathological processes in the 
immune system [3, 13].

Determinants of smouldering MS
Disruption of axonal continuity with subsequent con-

duction block and the loss of synapses leads to acute focal 
inflammatory lesions. These processes develop over several 
days or weeks, and their clinical manifestation is RAW [3, 14]. 
Late pathological processes that occur over weeks and months 
play an essential role in the pathomechanism of smouldering 
MS. These include demyelination and energy deficits that 
contribute to delayed neurodegeneration associated with 
relapses. Permanently demyelinated nerve fibres are meta-
bolically overburdened, thus becoming more susceptible to 
physiological stress. They have increased energy demand for 
axonal conduction, leading to axonal degeneration [14, 15]. 
The remyelination process in MS is incomplete and becomes 
ineffective with age, thus being the basis of smouldering MS 
[16]. In addition, during active demyelination, iron is released 
from damaged oligodendrocytes and myelin, and initiates the 
formation of pro-inflammatory cytokines, reactive oxygen 
species, and chronic oxidative stress, which plays a crucial role 
in the pathophysiology of MS [17–19], especially in progres-
sive phenotypes [20]. Mitochondrial defect, inducing virtual 
hypoxia, occurs due to oxidative stress [21].

After the period of delayed neurodegeneration associated 
with relapses, long-term post-inflammatory neurodegener-
ative processes develop in the course of MS. They include 
activation of microglia and the innate immune system, viral 
infections, lifestyle and energy deficits. Premature age-related 
neurodegenerative processes that result in late disability play 
an essential role [3]. 

Role of microglia in smouldering MS
Under homeostatic conditions, microglia are the main 

source of immune cells in the CNS [22, 23]. Microglial cells 
were first characterised by Pio del Rio Hortega in 1920 who 
described microglia as a structure derived from primitive 
macrophages during haematopoiesis in the yolk sac [24]. The 
uniqueness of microglial cells within the CNS parenchyma is 
related to their high capacity for self-renewal and proliferation 
[25]. These processes are independent of blood myeloid pre-
cursors, and distinguish microglia from bone marrow-derived 
macrophages that reside in perivascular spaces, meninges, 
or choroid plexus (CP) [26]. However, microglial cells are 
related to macrophages and can acquire a pro-inflammato-
ry M1 or anti-inflammatory M2 phenotype in response to 
various stimuli as in the case of macrophages [27, 28]. Both 
M1 and M2 represent a spectrum of activation patterns and 
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form a continuum that allows mutual switching depending 
on the cause [23, 29, 30]. As a result, microglial cells activate 
a neurotoxic pathway which leads to progressive neurodegen-
eration, or they can show neuroprotective activity [31]. Under 
physiological conditions, microglial cells determine synaptic 
integrity, neurogenesis, preservation of neuronal connectivity, 
normal functioning of oligodendrocytes, normal myelination  
and remyelination. Microglial cells also affect vasculogenesis and  
blood-brain barrier (BBB) permeability [22, 23, 32]. The 
pathogenic activity of microglial cells leads to the activation of 
pro-inflammatory factors, increased phagocytosis and demyeli-
nation, inhibition of remyelination and synaptic and neuronal 
pathology resulting in cognitive impairment (CI) [33–35]. 

Over the past two decades, research has focused on the 
role of microglial cells in the pathophysiology of different 
CNS diseases [32]. Microglial cell activation and recruited 
macrophages are found in MS in acute and chronic active and 
inactive lesions. Pathological microglial cells become a source 
of free radicals and pro-inflammatory cytokines. These cells 
also accumulate iron released from damaged oligodendro-
cytes and myelin. As a result, axonal damage occurs, which 
contributes to neurodegeneration in smouldering MS [35, 36]. 
Continuous activation of microglia is a source of smouldering 
inflammation and failure of remyelination in MS, although 
this effect depends on the stage of lesions [37]. 

Neuroimaging markers of smouldering MS 
For many years, it was believed that the clinical progression 

of MS was associated with the occurrence of new demyeli-
nating lesions on subsequent MRI scans. However, there is 
now awareness of the possibility of increased disability with 
the absence of new lesions on T2-weighted images when the 
simultaneous presence of chronic inflammation, focal inflam-
matory lesions and cerebral atrophy in MS is considered. The 
identification of more advanced MRI parameters to detect 
chronic active and inactive lesions is highly warranted [38]. 
Their division is set out in Table 1. 

Paramagnetic rim lesions (PRLs)
Smouldering lesions on MRI represented by paramag-

netic rim lesions (PRLs) are characterised by the presence 

of hypointense linear or dot-like areas on T2* susceptibili-
ty-weighted imaging (SWI) in white matter lesions that involve 
75% of the lesion rim. The rim must cover at least three con-
secutive slices and reflects ongoing inflammation at the plaque 
border represented by iron-laden microglia, macrophages 
and oligodendrocytes [4, 9, 39]. PRLs are mostly detected in 
the supratentorial and cortical areas and in the cerebellum. 
However, on rare occasions they occur in the cerebral cortex 
and are usually not found in the spinal cord. To date, no specific 
MRI recommendations have been developed but PRLs have 
been detected on high-field MRI (7T, 3T) using 3DT2*SWI 
sequences, echo-planar imaging (3DT2*EPI), and quantitative 
susceptibility mapping (QSM-SWI) [38, 40, 41].

Considering MRI findings (3–7T) and post mortem stud-
ies, PRLs are present in 10–59% of patients, even in very early 
stages of MS [41–44]. In 47% of patients who presented with 
the symptoms of clinically isolated syndrome (CIS), at least 
one PRL was observed, whose presence was associated with 
a 100% risk of conversion to MS [45]. In their study involving 
192 participants, Absinta et al. identified at least one PRL in 
56% of patients with MS regardless of any disease-modifying 
therapy (DMT). Additionally, at least four PRLs occurred 
1.6-fold more frequently in progressive phenotypes [41]. The 
detection of PRLs was associated with a more aggressive clin-
ical course of MS, motor and cognitive disability at a younger 
age, a higher risk of PIRA, disease progression, and conversion 
to secondary progressive MS (SPMS). 

Slowly expanding lesions (SELs)
Slowly expanding lesions (SELs) represent smouldering 

lesions on MRI that show constant and concentric expan-
sion on T2-weighted images with the signal decrease on 
T1-weighted images in follow-up studies [4]. They are not 
contrast enhanced, and can be visualised with typical T1-
weighted and T2-weighted MRI sequences. The constant 
decrease in T1 signal intensity of SELs reflects tissue damage 
and the morphology of smouldering plaques. The core of 
such lesions is typically characterised by an accumulation  
of axonal damage [4, 46] with a rim of activated microglia at 
the edges of SELs, thus contributing to remyelination failure 
[41]. Therefore, the presence of SELs on MRI is associated 

Table 1. MRI parameters and their application

MRI parameters Basic  Advanced Chronic active lesions 

1 new or enlarging lesions on T2-weighted 
and T1-weighted images

DTI PRLs

2 brain and spinal atrophy T1/T2 relaxometry SELs

3 - MTR CPV

4 - - leptomeningeal inflammation

Application unrelated to MS relapse  (assessment 
two months before or after relapse)

assessment of micro-damage (NAWM 
and NAGM), mainly for scientific 

purposes

potential biomarkers of smouldering MS

MRI — magnetic resonance imaging; DTI — diffusion tensor imaging; MTR — magnetisation transfer; NAWM — normal-appearing white matter; NAGM — normal-appearing grey matter; PRLs — paramagnetic 
rim lesions; SELs — slowly expanding lesions; CPV — choroid plexus volume
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New or active GD+ lesions [38, 41]

Chronic/inactive 
no PRL(rim–) no Gd+

Chronic/active 
(20% of lesions) 

PRLs (rim+) no Gd+ 

SELs 

non-SELs 

4–6 weeks 

• decrease in volume
• Increase. on average, by 2% 
  per year, or constant volume 
• some evolve into PRLs (–)
• some (up to 50%) can re-enhance 

SELs 

43%
Slowly-

-expanding
PRLs

PRLs

Rapid clinical 
progression 

independent 
of relapses 

Figure 1. Evolution of active and inactive lesions on MRI 

with irreversible neuronal destruction [47] and such lesions 
are more common in primary progressive MS (PPMS) [47]. 
As in the case of PRLs, the presence of at least four SELs is 
associated with a higher risk of cognitive impairment (CI), 
faster Expanded Disability Status Scale (EDSS) progression, 
disease progression, and conversion to SPMS. These lesions 
are more common in the elderly and in patients with a longer 
duration of MS [4, 48–50]. The evolution of active and inactive 
lesions on MRI is set out in Figure 1.

Positron emission tomography (PET)
Pathological changes involving the inflammatory activity 

of microglia can even occur in normal-appearing white matter 
(NAWM). Visualisation of NAWM is not possible with con-
ventional MRI. These lesions reflect microstructural damage, 
including the loss of myelin sheaths and axons and disruption 
of the BBB [51], and their presence is associated with disability 
progression and CI [51, 52]. Advanced imaging techniques, 
such as PET, allow the assessment of translocator protein 
(TSPO) expression that is related to immune cell density in 
MS, and is used to determine the activity of macrophages and 
microglial cells in NAWM [3, 53]. It has been confirmed that in 
SPMS patients, increased TSPO expression is associated with 
CDA, the rate of brain atrophy [54] and the time interval [55, 
56], something not observed in RRMS.

Optical coherence tomography (OCT)
Based on the assumption that the retina is an extension of 

the CNS, it is possible to use ophthalmic imaging techniques 
to potentially assess axonal and neuronal degeneration in MS 
patients [57]. Optical coherence tomography (OCT), which 
was first introduced in 1991, is a non-invasive method that 

provides cross-sectional images of the retina by evaluating 
the ganglion cell layer (GCL) and the retinal nerve fibre layer 
(RNFL) formed by ganglion cell axons [58]. An episode of optic 
neuritis occurs in c.30–70% of MS patients. However, even 
94–99% of patients have demonstrated demyelinating plaques 
within their optic nerves at post mortem [59]. Acute inflam-
mation in the optic nerve region, axonal transection, loss of 
trophic factors, mitochondrial abnormalities, and chronic 
demyelination are the most likely causes of retrograde de-
generation of nerve fibres forming optic nerves that originate 
from the RNFL and the GCL [60]. Histopathological and in 
vivo OCT studies have confirmed that retrograde degeneration 
is the main cause of the thinning of the RNFL and GCL-inner 
plexiform layer complex (GC-IPL) in MS patients [60–62], 
which is inversely related to disease duration [62, 63]. Studies 
have reported a correlation between the progression of GC-IPL 
thinning and the presence of new lesions on T2-weighted im-
ages [62] and active lesions on MRI [58]. Additionally, studies 
have found an association between the thinning of the RNFL 
and the GC-IPL and long-term disability progression [57, 59]. 
The risk of MS progression has been shown to be three times 
higher when RNFL thickness < 88 μm [58].

Reduced RNFL is also correlated with the occurrence 
of CI as assessed by the symbol digit modality test (SDMT) 
[58]. Introduced in 2014, OCT-angiography (OCT-A) allows 
imaging of retinal and choroidal microvasculature. It shows 
higher sensitivity compared to OCT in the early stages of the 
disease, and in detecting progression in advanced MS. A re-
duced vessel density (VD) in the macular and peripapillary 
areas is also confirmed in the course of the disease [64, 65]. 
A higher level of disability, as measured by the EDSS, has been 
shown to be associated with lower VD [64]. 
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Clinical and therapeutic implications
Bruton’s tyrosine kinase (BTK) and BTK inhibitors (BTKi) 
The dichotomy of MS pathophysiology is based on the 

assumption that relapses develop as a consequence of de 
novo CNS infiltration of immune cells, while MS progression 
is driven by a CNS-trapped inflammatory circuit between 
CNS-established haematopoietic cells and CNS-resident cells, 
including microglia, astrocytes and oligodendrocytes [66]. The 
mechanism of action of disease-modifying therapies (DMTs) 
involves inhibition of the infiltration of autoreactive T and B 
lymphocytes in the peripheral immune system and reduction 
of relapses with some effect on disability progression. BTK in-
hibitors (BTKi) are a promising therapeutic option to prevent 
PIRA in smouldering MS [67].

BTK is a cytoplasmic non-receptor tyrosine kinase that 
is expressed in haematopoietic cells, mainly in B cells and 
myeloid cells (i.e. dendritic cells, mast cells, neutrophils, 
macrophages) and in haematopoietic stem cells, platelets and 
erythrocytes except for T cells and NK cells. In the CNS, BTK 
is expressed in microglia and (to a lesser extent) in astrocytes. 
BTK function is crucial for the maturation and function of B 
cells and for intracellular signalling of B cells and myeloid cells, 
including microglial cells [66, 68]. Therefore, BTK inhibition 
results in peripheral modulation of B cells, their maturation, 
proliferation, production of autoantibodies and cytokines, as 
well as decreased macrophage activity and decreased micro-
glial activity in the CNS [69].

BTKi represent a currently investigated strategy for the 
treatment of MS, not only reducing pathogenic cell migration 
into the CNS and secondary activation, but also potentially 
normalising the microglial phenotype, inhibiting demyelina-
tion and axonal damage with subsequent remyelination [70]. 
BTKi belong to a group of small molecules that are used in 
the treatment of oncological and haematological diseases. 
Depending on their mode of action and binding to BTK, BTKi 
can be divided into covalent irreversible BTKi (evobrutinib, 
tolebrutinib, remibrutinib, orelabrutinib) and non-covalent 
reversible BTKi (fenebrutinib and BIIB091) [71]. The efficacy 
and safety of BTKi for the treatment of relapses and progressive 
MS phenotypes are being evaluated in clinical trials: Phase III  
(evobrutinib, tolebrutinib and fenebrutinib), Phase II (orela-
brutinib) and Phase I (BIIB091) [66, 71]. Due to the selectivity 
of BTKi, their toxicity is reduced and adverse events (AEs) are 
limited. Unlike other DMTs that cause lymphocyte depletion, 
the use of BTKi is rarely associated with infections secondary 
to lymphopenia [71]. Fenebrutinib and orelabrutinib are the 
most selective agents [72]. However, the safety data from 
Phase II clinical trials has indicated that headache, upper 
respiratory tract infections, a mild increase in liver enzymes 
and elevated lipase levels are the most common AEs related 
to evobrutinib and tolebrutinib [73, 74]. In vitro studies have 
found that fenebrutinib causes greater suppression of B cells 
and myeloid cells compared to evobrutinib and tolebrutinib. In 
turn, tolebrutinib has demonstrated greater CNS penetration 

compared to evobrutinib and fenebrutinib, which potentially 
is responsible for greater inhibition of microglial activity and 
a better therapeutic effect for progressive MS phenotypes [71].

A Phase IIb clinical trial whose aim was to determine the 
relationship between the dose of tolebrutinib and the reduction 
in demyelinating lesions on MRI in patients with relapsing MS 
phenotypes, found that tolebrutinib (60 mg/d) reduced new 
active lesions by 85%, and new or enlarging lesions on T2-
weighted images by 89%, in patients treated with tolebrutinib 
compared to a placebo. The analysis confirmed that tolebruti-
nib reduced the volume of SELs, which reflects the presence 
of activated microglia, neuronal destruction and CDA [74]. 
Preclinical and animal findings showed that tolebrutinib had a  
direct effect on microglial cells, altering their expression to 
a more homeostatic phenotype [75]. Furthermore, analysis 
of cerebrospinal fluid (CSF) proteomic data showed that pro-
teins associated with active MS, such as CD79B and CD27, 
were modulated in tolebrutinib-treated patients to the levels 
found in healthy volunteers [76]. Therapy with ocrelizumab 
and natalizumab in PPMS [4] and SPMS [77] patients, respec-
tively, was associated with a reduction in the number of SELs. 
However, the effects of natalizumab and fingolimod on SEL 
occurrence seemed modest yet comparable in RRMS [78].

In turn, in their analysis of the effect of DMT on inhibit-
ing the progression of pathological changes on MRI, Eisele et 
al. estimated that the T1/T2 ratio of iron rim lesions (IRLs), 
which reflects demyelination, axonal damage and neuronal 
loss, was significantly lower at 2-year follow-up in patients 
on fingolimod, dimethyl fumarate and ocrelizumab compared 
to patients without DMTs. Their findings suggest that DMTs 
have a limited beneficial delayed effect on smouldering MS 
lesions [79]. 

A comparison of BTKi with respect to their biological 
profile and their use in MS therapy is set out in Table 2.

Since the primary endpoints relating to a decrease in the 
annual relapse rate (ARR) were not achieved, the EVOLUTION 
RMS 1 and 2 Phase III trial (evobrutinib vs. teriflunomide) 
was unexpectedly finished early in December 2023. The safety 
and tolerability profile of evobrutinib was in line with that 
obtained in the Phase III trial.

Clinical assessment and smouldering MS 
Routine neurological assessment and evaluation of patients 

according to the EDSS are not sufficiently sensitive methods 
to detect lesions in terms of gait performance, upper limb 
function, or CI [80, 81]. In addition, considering ongoing 
relapses and their persistent symptoms, the identification of 
smouldering MS and CDA can be challenging in daily clinical 
practice. Cadavid et al. suggested the use of ‘EDSS-Plus’, which 
additionally includes a 9-Hole Peg Test (9HPT) and a timed 
25-foot walk (T25FW), which clearly distinguished SPMS 
progressors from non-progressors [82]. The Overall Disability 
Response Score (ODRS) can be used instead. This also includes 
the Paced Auditory Serial Addition Test (PASAT-3) [83, 84]. 
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The use of the above tests resulted in defining PIRA in a large 
percentage of patients treated with ocrelizumab and interferon 
beta-1a (87% and 78%, respectively) [6].

Despite many controversies, the technology associated 
with using mobile devices is becoming more commonly 
used in MS. The introduction of mobile devices, biosensors, 
telemedicine applications and platforms may provide new 
data on the natural clinical course of the disease, CDA and 
smouldering MS [85–87]. 

Assessment of CI is an important aspect in the identifi-
cation of smouldering MS. CI occurs in Clinically Isolated 
Syndrome (CIS) and Radiologically Isolated Syndrome (RIS) 
and evolves throughout the course of the disease [88]. Studies 
have confirmed the relationships between the onset of CI and 
cortical thinning, atrophy of the corpus callosum and thalami, 
and the lesion volume of white matter. In the early stages of MS, 
the development of CI is most likely caused by lesions local-
ised in the white matter, while concomitant thalamic atrophy 
exacerbates CI. The finding of relatively mild CI at the onset 
of the disease is associated with significant destruction of the 
brain tissue [89], and the diagnosis of CI shows only a poor 
association with MRI activity of the disease as measured by 
new or enlarging lesions on T2-weighted sequences [89, 90].

Visualisation of at least one PRL on MRI with concur-
rent CI increases the risk of RIS conversion to MS [41, 43]. 
Irrespective of inflammatory changes, axonal degeneration and 
neuronal network damage associated with CI have been seen 
on functional MRI [91]. Undoubtedly, the implementation of 
systematic assessment of CI in routine clinical practice allows 
for faster diagnosis and better monitoring of smouldering MS.

Future directions
Previous observations on the natural course of MS indi-

cated that focal inflammatory activity in the form of relapses 
and/or the presence of contrast-enhanced lesions or new or 
enlarging lesions on T2-weighted images has no prognostic 
value in terms of long-term disability in patients who are not 
treated with immunomodulatory therapies and in those on 
DMT [92]. 

Therefore, focal inflammation is only a response to the 
primary cause of MS, and the use of DMT does not affect the 
drivers of MS. The above discrepancy between focal inflam-
matory activity and disability progression is referred to as 
the clinico-radiological paradox [3]. This poses a therapeutic 
challenge, and hence the need to analyse pathophysiological 
processes in MS with simultaneous abandonment of the 
NEDA criteria (no evidence of disease activity) and indicat-
ing a continuum of the relapsing and progressive phases in 
smouldering MS.

The use of DMT in MS patients over the past three decades 
has allowed effective follow-up of relapse activity and MRI 
activity [93]. However, the inhibition of disability progression 
with available therapies is still insufficient. 

The following should become the primary management 
template for preventing disease progression: effective reduc-
tion of chronic inflammation in the CNS; prevention of further 
axonal loss; remyelination with subsequent restoration of 
neural tissue; neuroprotective action; and elimination of any 
factors determining smouldering MS. 

Some questions arise as to (1) why lesion formation occurs 
only in some patients, and (2) whether microglial checkpoint 
dysregulation [94], or increased sensitivity of CNS tissues to 
MS-related inflammation, is responsible for the increased 
predisposition to the formation of chronic active lesions. As 
a result, the above processes may be responsible for abnormal 
and incomplete remyelination. Older age at the formation of 
chronic active lesions is prognostically unfavourable, which 
is related to other important observations indicating that 
inflammation in MS does not decrease with age, but rather 
becomes compartmentalised in the CNS.

Undoubtedly, clinicians should focus on increasing aware-
ness of patients related to the limitation of modifiable factors 
that potentially drive smouldering MS, such as poor diet, lack 
of physical activity, comorbid infections and diseases, tobacco 
smoking or diurnal rhythm disturbances, which further iden-
tifies MS as a multidisciplinary disease.

In addition to innovative approaches to the pathological 
processes in the immune system, new radiological markers 
are milestones in identifying smouldering MS. Detection 
of at least four PRLs or SELs is associated with a higher risk  
of disability progression, a faster increase in the EDSS, and 
an increase in the risk of CI. Therefore, in the future it seems 
possible to use them as markers for predicting the course of 
MS and markers for potential monitoring and assessment  
of the efficacy of DMT [4, 41].

Due to the fact that PRLs represent active lesions on MRI, 
the term ‘disseminated in time’ (DIT) can be regarded as the 
simultaneous presence of gadolinium-enhancing and non-en-
hancing PRLs, which could be included in the McDonald 
criteria in the future [45]. There has also been a suggestion 
according to which the term ‘disseminated in space’ (DIS) 
could be applied when the presence of ≥1 T2-hyperintense PRL 
characteristic of MS is reported [40]. These intriguing concepts 
require intensive efforts aimed at establishing international 
recommendations for the definition and reporting of PRLs, 
standardisation of SWI images, and evaluation of the possibil-
ity of PRL imaging using different magnetic field inductions 
(including 1.5 T) with simultaneous specialised training for 
neurologists and neuroradiologists in the above domain [40].

Clinicians should focus on indicating subtle neurologi-
cal deficits in terms of physical performance and cognitive 
functioning to characterise the disease progression, which is 
difficult to determine clearly during a standard neurological 
examination. The inclusion of daily routine physical, cognitive, 
occupational and social activities into daily clinical practice 
will probably facilitate an effective indication of the effects 
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of smouldering MS. Determination of gait and upper limb 
performance using 9HPT and T25FW, which are used in clin-
ical trials, can provide a tool for improving identification of 
progressive disability accumulation. A complete neurological 
evaluation should include the assessment of CI, which affects 
34–65% of patients and can develop even in the initial stage 
of MS. In the case of mild phenotypes of MS in patients with 
EDSS < 3 over a 15-year period, progressive CI is found despite 
motor function sparing [95]. 

Bearing the above in mind, routine cognitive assessment 
is highly warranted, using, for instance, the Symbol Digit 
Modalities Test (SDMT) [95]. The high sensitivity of SDMT 
allows the detection of CI, which is often the only indicator 
of disease progression and smouldering MS. In addition, the 
use of currently available telemedicine devices should be 
considered. Such devices include biosensors, applications and 
other activity-tracking techniques.  

Over the next few years, the primary goal should include 
management aimed at increasing the awareness of disease 
progression, which begins at the time of MS diagnosis, and 
how an apparently mild course of MS can be associated with 
progressive neurodegeneration. 

The clinical and diagnostic identification of smouldering 
MS should have therapeutic implications that prove effective 
in inhibiting disease progression. BTK, which is involved in 
the activation of B cells and microglia, may be the final target 
of therapy. The analyses have clearly demonstrated that BTKi, 
as relatively small molecules, can penetrate the BBB, inhibit 
immune cells in the CNS, and suppress chronic inflammation 
and associated chronic progression. It seems important to 
distinguish the molecules with the best clinical effects in MS 
and with a favourable profile of AEs.

There is no doubt that the effectiveness of the DMTs is 
lower the longer the duration of MS, and their effect is insuf-
ficient to control smouldering MS. As a result, attempts are 
being made to define the most important therapeutic challenge 
of the future with the need to plan treatment that effective-
ly inhibits disease progression from MS diagnosis and in 
a long-term perspective. Smouldering MS suggests a different 
pathophysiological and clinical approach, which results in the 
beginning of a new era of DMT, in which MS treatment will 
be based on combination therapy, including drugs that reduce 
relapse activity and therapy that inhibits disease progression. 
Therefore, dual-mechanism drugs are an alternative. 

The above assumptions imply global modifications and 
changes in clinical and therapeutic approaches in the medical 
community and in MS patients. 

Conclusions 

An innovative approach to the pathophysiology and course 
of MS has contributed to the formulation of the concept of 
‘smouldering MS’. According to this concept, the autoimmune 

pathological process of the disease is the result of co-existing acute 
peripheral inflammation and chronic neuroinflammation in the 
CNS. The clinical indicator of ‘smouldering MS’ is PIRA, which 
co-exists with RAW, jointly leading to progressive disability. The 
progression of MS begins at the time of diagnosis. Therefore, it is 
crucial to determine diagnostic biomarkers that could identify the 
subtle neurological deficits of patients in terms of physical per-
formance and cognitive function. New radiological markers (i.e. 
PRLs or SELs) are of revolutionary importance in the diagnosis 
of smouldering MS. The efficacy of current immunomodulatory 
MS therapies is limited. In future, combination therapy should 
be considered to reduce the relapse activity and the progression 
of disability from the onset of the disease.

Article information

Acknowledgements: The authors would like to thank Assistant 
Professor Arkadiusz Badziński, PhD, for his assistance in the 
translation of the manuscript. 
Authors’ contributions: Study concept and design: NN and 
MAS; data collection: all authors; draft manuscript preparation: 
NN. All authors reviewed the results and approved the final 
version of the manuscript.
Funding: None.
Conflict of interest: None.
Supplementary material: None.

References

1.	 Murúa SR, Farez M, Quintana F. The Immune Response in Multiple 
Sclerosis. Annu Rev Pathol. 2022; 17(1): 121–139, doi:  10.1146/
annurev-pathol-052920-040318, indexed in Pubmed: 34606377.

2.	 McGinley MP, Goldschmidt CH, Rae-Grant AD. Diagnosis and Treat-
ment of Multiple Sclerosis: A Review. JAMA. 2021; 325(8): 765–779, 
doi: 10.1001/jama.2020.26858, indexed in Pubmed: 33620411.

3.	 Giovannoni G, Popescu V, Wuerfel J, et al. Smouldering multi-
ple sclerosis: the ‚real MS’. Ther Adv Neurol Disord. 2022; 15: 
17562864211066751, doi:  10.1177/17562864211066751, inde-
xed in Pubmed: 35096143.

4.	 Elliott C, Belachew S, Wolinsky JS, et al. Chronic white matter lesion 
activity predicts clinical progression in primary progressive multiple 
sclerosis. Brain. 2019; 142(9): 2787–2799, doi:  10.1093/brain/
awz212, indexed in Pubmed: 31497864.

5.	 Rissanen E, Tuisku J, Vahlberg T, et al. Microglial activation, white mat-
ter tract damage, and disability in MS. Neurol Neuroimmunol Neuro-
inflamm. 2018; 5(3): e443, doi: 10.1212/NXI.0000000000000443, 
indexed in Pubmed: 29520366.

6.	 Kappos L, Wolinsky JS, Giovannoni G, et al. Contribution of Relapse-
-Independent Progression vs Relapse-Associated Worsening to Overall 
Confirmed Disability Accumulation in Typical Relapsing Multiple Scle-
rosis in a Pooled Analysis of 2 Randomized Clinical Trials. JAMA Neu-
rol. 2020; 77(9): 1132–1140, doi: 10.1001/jamaneurol.2020.1568, 
indexed in Pubmed: 32511687.

7.	 Cree BAC, Arnold DL, Chataway J, et al. Secondary Progressive Multiple 
Sclerosis: New Insights. Neurology. 2021; 97(8): 378–388, doi: 10.1212/
WNL.0000000000012323, indexed in Pubmed: 34088878.

http://dx.doi.org/10.1146/annurev-pathol-052920-040318
http://dx.doi.org/10.1146/annurev-pathol-052920-040318
https://www.ncbi.nlm.nih.gov/pubmed/34606377
http://dx.doi.org/10.1001/jama.2020.26858
https://www.ncbi.nlm.nih.gov/pubmed/33620411
http://dx.doi.org/10.1177/17562864211066751
https://www.ncbi.nlm.nih.gov/pubmed/35096143
http://dx.doi.org/10.1093/brain/awz212
http://dx.doi.org/10.1093/brain/awz212
https://www.ncbi.nlm.nih.gov/pubmed/31497864
http://dx.doi.org/10.1212/NXI.0000000000000443
https://www.ncbi.nlm.nih.gov/pubmed/29520366
http://dx.doi.org/10.1001/jamaneurol.2020.1568
https://www.ncbi.nlm.nih.gov/pubmed/32511687
http://dx.doi.org/10.1212/WNL.0000000000012323
http://dx.doi.org/10.1212/WNL.0000000000012323
https://www.ncbi.nlm.nih.gov/pubmed/34088878


253www.journals.viamedica.pl/neurologia_neurochirurgia_polska

Natalia Niedziela et al., Clinical and therapeutic challenges of smouldering multiple sclerosis

8.	 Slezáková D, Kadlic P, Jezberová M, et al. Brain volume loss in mul-
tiple sclerosis is independent of disease activity and might be pre-
vented by early disease-modifying therapy. Neurol Neurochir Pol. 
2023; 57(3): 282–288, doi: 10.5603/PJNNS.a2023.0031, indexed 
in Pubmed: 37144903.

9.	 Frischer JM, Weigand SD, Guo Y, et al. Clinical and pathological in-
sights into the dynamic nature of the white matter multiple sclerosis 
plaque. Ann Neurol. 2015; 78(5): 710–721, doi: 10.1002/ana.24497, 
indexed in Pubmed: 26239536.

10.	 Attfield KE, Jensen LT, Kaufmann M, et al. The immunology of multiple 
sclerosis. Nat Rev Immunol. 2022; 22(12): 734–750, doi: 10.1038/
s41577-022-00718-z, indexed in Pubmed: 35508809.

11.	 Gresle MM, Jordan MA, Stankovich J, et al. Multiple sclerosis risk 
variants regulate gene expression in innate and adaptive immune 
cells. Life Sci Alliance. 2020; 3(7): e202000650, doi:  10.26508/
lsa.202000650, indexed in Pubmed: 32518073.

12.	 Liu R, Du S, Zhao L, et al. Autoreactive lymphocytes in multiple sclerosis: 
Pathogenesis and treatment target. Front Immunol. 2022; 13: 996469, 
doi: 10.3389/fimmu.2022.996469, indexed in Pubmed: 36211343.

13.	 Stys PK, Zamponi GW, van Minnen J, et al. Will the real multiple 
sclerosis please stand up? Nat Rev Neurosci. 2012; 13(7): 507–514, 
doi: 10.1038/nrn3275, indexed in Pubmed: 22714021.

14.	 Klistorner A, Barnett M. Remyelination Trials: Are We Expecting 
the Unexpected? Neurol Neuroimmunol Neuroinflamm. 2021; 
8(6): e1066, doi:  10.1212/NXI.0000000000001066, indexed in 
Pubmed: 34376551.

15.	 Simkins TJ, Duncan GJ, Bourdette D. Chronic Demyelination and 
Axonal Degeneration in Multiple Sclerosis: Pathogenesis and The-
rapeutic Implications. Curr Neurol Neurosci Rep. 2021; 21(6): 26, 
doi: 10.1007/s11910-021-01110-5, indexed in Pubmed: 33835275.

16.	 Neumann B, Segel M, Chalut KJ, et al. Remyelination and ageing: 
Reversing the ravages of time. Mult Scler. 2019; 25(14): 1835–1841, 
doi: 10.1177/1352458519884006, indexed in Pubmed: 31687878.

17.	 Hametner S, Dal Bianco A, Trattnig S, et al. Iron related changes in MS le-
sions and their validity to characterize MS lesion types and dynamics with 
Ultra-high field magnetic resonance imaging. Brain Pathol. 2018; 28(5): 
743–749, doi: 10.1111/bpa.12643, indexed in Pubmed: 30020556.

18.	 Hametner S, Wimmer I, Haider L, et al. Iron and neurodegeneration 
in the multiple sclerosis brain. Ann Neurol. 2013; 74(6): 848–861, 
doi: 10.1002/ana.23974, indexed in Pubmed: 23868451.

19.	 Stoiloudis P, Kesidou E, Bakirtzis C, et al. The Role of Diet and In-
terventions on Multiple Sclerosis: A Review. Nutrients. 2022; 14(6): 
1150, doi: 10.3390/nu14061150, indexed in Pubmed: 35334810.

20.	 Choi IY, Lee P, Adany P, et al. In vivo evidence of oxidative stress in bra-
ins of patients with progressive multiple sclerosis. Mult Scler. 2018; 
24(8): 1029–1038, doi:  10.1177/1352458517711568, indexed in 
Pubmed: 28569645.

21.	 Trapp BD, Stys PK. Virtual hypoxia and chronic necrosis of demyelina-
ted axons in multiple sclerosis. Lancet Neurol. 2009; 8(3): 280–291, 
doi: 10.1016/S1474-4422(09)70043-2, indexed in Pubmed: 19233038.

22.	 Lenz KM, Nelson LH. Microglia and Beyond: Innate Immune Cells 
As Regulators of Brain Development and Behavioral Function. Front 
Immunol. 2018; 9: 698, doi: 10.3389/fimmu.2018.00698, indexed 
in Pubmed: 29706957.

23.	 Correale J. The role of microglial activation in disease progression. Mult 
Scler. 2014; 20(10): 1288–1295, doi: 10.1177/1352458514533230, 
indexed in Pubmed: 24812046.

24.	 Ginhoux F, Greter M, Leboeuf M, et al. Fate mapping analysis reve-
als that adult microglia derive from primitive macrophages. Science. 

2010; 330(6005): 841–845, doi: 10.1126/science.1194637, inde-
xed in Pubmed: 20966214.

25.	 Ajami B, Bennett JL, Krieger C, et al. Local self-renewal can sustain 
CNS microglia maintenance and function throughout adult life. Nat 
Neurosci. 2007; 10(12): 1538–1543, doi: 10.1038/nn2014, indexed 
in Pubmed: 18026097.

26.	 Soulas C, Donahue RE, Dunbar CE, et al. Genetically modified CD34+ 
hematopoietic stem cells contribute to turnover of brain perivascular 
macrophages in long-term repopulated primates. Am J Pathol. 2009; 
174(5): 1808–1817, doi: 10.2353/ajpath.2009.081010, indexed in 
Pubmed: 19349370.

27.	 Geissmann F, Gordon S, Hume DA, et al. Unravelling mononuclear 
phagocyte heterogeneity. Nat Rev Immunol. 2010; 10(6): 453–460, 
doi: 10.1038/nri2784, indexed in Pubmed: 20467425.

28.	 Dong Y, Yong VW. When encephalitogenic T cells collaborate with mic-
roglia in multiple sclerosis. Nat Rev Neurol. 2019; 15(12): 704–717, 
doi: 10.1038/s41582-019-0253-6, indexed in Pubmed: 31527807.

29.	 Benarroch EE. Microglia: Multiple roles in surveillance, cir-
cuit shaping, and response to injury. Neurology. 2013; 81(12): 
1079–1088, doi:  10.1212/WNL.0b013e3182a4a577, indexed in 
Pubmed: 23946308.

30.	 Mosser DM, Edwards JP. Exploring the full spectrum of macrophage 
activation. Nat Rev Immunol. 2008; 8(12): 958–969, doi: 10.1038/
nri2448, indexed in Pubmed: 19029990.

31.	 Czeh M, Gressens P, Kaindl AM. The yin and yang of microglia. Dev 
Neurosci. 2011; 33(3-4): 199–209, doi: 10.1159/000328989, inde-
xed in Pubmed: 21757877.

32.	 Sierra A, Paolicelli RC, Kettenmann H. Cien Años de Microglía: Mile-
stones in a Century of Microglial Research. Trends Neurosci. 2019; 
42(11): 778–792, doi:  10.1016/j.tins.2019.09.004, indexed in 
Pubmed: 31635851.

33.	 Luo C, Jian C, Liao Y, et al. The role of microglia in multiple sclerosis. 
Neuropsychiatr Dis Treat. 2017; 13: 1661–1667, doi: 10.2147/NDT.
S140634, indexed in Pubmed: 28721047.

34.	 Cardozo PL, de Lima IBQ, Maciel EMA, et al. Synaptic Elimination in 
Neurological Disorders. Curr Neuropharmacol. 2019; 17(11): 1071–
1095, doi:  10.2174/1570159X17666190603170511, indexed in 
Pubmed: 31161981.

35.	 Guerrero BL, Sicotte NL. Microglia in Multiple Sclerosis: Friend or Foe? 
Front Immunol. 2020; 11: 374, doi:  10.3389/fimmu.2020.00374, 
indexed in Pubmed: 32265902.

36.	 Absinta M, Sati P, Schindler M, et al. Persistent 7-tesla phase rim 
predicts poor outcome in new multiple sclerosis patient lesions. J Clin 
Invest. 2016; 126(7): 2597–2609, doi: 10.1172/JCI86198, indexed 
in Pubmed: 27270171.

37.	 Heß K, Starost L, Kieran NW, et al. Lesion stage-dependent cau-
ses for impaired remyelination in MS. Acta Neuropathol. 2020; 
140(3): 359–375, doi:  10.1007/s00401-020-02189-9, indexed in 
Pubmed: 32710244.

38.	 Pinto C, Cambron M, Dobai A, et al. Smouldering lesions in MS: if 
you like it then you should put a rim on it. Neuroradiology. 2022; 
64(4): 703–714, doi:  10.1007/s00234-021-02800-0, indexed in 
Pubmed: 34498108.

39.	 Correale J, Gaitán MI, Ysrraelit MC, et al. Progressive multiple 
sclerosis: from pathogenic mechanisms to treatment. Brain. 
2017; 140(3): 527–546, doi:  10.1093/brain/aww258, indexed in 
Pubmed: 27794524.

40.	 Martire MS, Moiola L, Rocca MA, et al. What is the potential of para-
magnetic rim lesions as diagnostic indicators in multiple sclerosis? 

http://dx.doi.org/10.5603/PJNNS.a2023.0031
https://www.ncbi.nlm.nih.gov/pubmed/37144903
http://dx.doi.org/10.1002/ana.24497
https://www.ncbi.nlm.nih.gov/pubmed/26239536
http://dx.doi.org/10.1038/s41577-022-00718-z
http://dx.doi.org/10.1038/s41577-022-00718-z
https://www.ncbi.nlm.nih.gov/pubmed/35508809
http://dx.doi.org/10.26508/lsa.202000650
http://dx.doi.org/10.26508/lsa.202000650
https://www.ncbi.nlm.nih.gov/pubmed/32518073
http://dx.doi.org/10.3389/fimmu.2022.996469
https://www.ncbi.nlm.nih.gov/pubmed/36211343
http://dx.doi.org/10.1038/nrn3275
https://www.ncbi.nlm.nih.gov/pubmed/22714021
http://dx.doi.org/10.1212/NXI.0000000000001066
https://www.ncbi.nlm.nih.gov/pubmed/34376551
http://dx.doi.org/10.1007/s11910-021-01110-5
https://www.ncbi.nlm.nih.gov/pubmed/33835275
http://dx.doi.org/10.1177/1352458519884006
https://www.ncbi.nlm.nih.gov/pubmed/31687878
http://dx.doi.org/10.1111/bpa.12643
https://www.ncbi.nlm.nih.gov/pubmed/30020556
http://dx.doi.org/10.1002/ana.23974
https://www.ncbi.nlm.nih.gov/pubmed/23868451
http://dx.doi.org/10.3390/nu14061150
https://www.ncbi.nlm.nih.gov/pubmed/35334810
http://dx.doi.org/10.1177/1352458517711568
https://www.ncbi.nlm.nih.gov/pubmed/28569645
http://dx.doi.org/10.1016/S1474-4422(09)70043-2
https://www.ncbi.nlm.nih.gov/pubmed/19233038
http://dx.doi.org/10.3389/fimmu.2018.00698
https://www.ncbi.nlm.nih.gov/pubmed/29706957
http://dx.doi.org/10.1177/1352458514533230
https://www.ncbi.nlm.nih.gov/pubmed/24812046
http://dx.doi.org/10.1126/science.1194637
https://www.ncbi.nlm.nih.gov/pubmed/20966214
http://dx.doi.org/10.1038/nn2014
https://www.ncbi.nlm.nih.gov/pubmed/18026097
http://dx.doi.org/10.2353/ajpath.2009.081010
https://www.ncbi.nlm.nih.gov/pubmed/19349370
http://dx.doi.org/10.1038/nri2784
https://www.ncbi.nlm.nih.gov/pubmed/20467425
http://dx.doi.org/10.1038/s41582-019-0253-6
https://www.ncbi.nlm.nih.gov/pubmed/31527807
http://dx.doi.org/10.1212/WNL.0b013e3182a4a577
https://www.ncbi.nlm.nih.gov/pubmed/23946308
http://dx.doi.org/10.1038/nri2448
http://dx.doi.org/10.1038/nri2448
https://www.ncbi.nlm.nih.gov/pubmed/19029990
http://dx.doi.org/10.1159/000328989
https://www.ncbi.nlm.nih.gov/pubmed/21757877
http://dx.doi.org/10.1016/j.tins.2019.09.004
https://www.ncbi.nlm.nih.gov/pubmed/31635851
http://dx.doi.org/10.2147/NDT.S140634
http://dx.doi.org/10.2147/NDT.S140634
https://www.ncbi.nlm.nih.gov/pubmed/28721047
http://dx.doi.org/10.2174/1570159X17666190603170511
https://www.ncbi.nlm.nih.gov/pubmed/31161981
http://dx.doi.org/10.3389/fimmu.2020.00374
https://www.ncbi.nlm.nih.gov/pubmed/32265902
http://dx.doi.org/10.1172/JCI86198
https://www.ncbi.nlm.nih.gov/pubmed/27270171
http://dx.doi.org/10.1007/s00401-020-02189-9
https://www.ncbi.nlm.nih.gov/pubmed/32710244
http://dx.doi.org/10.1007/s00234-021-02800-0
https://www.ncbi.nlm.nih.gov/pubmed/34498108
http://dx.doi.org/10.1093/brain/aww258
https://www.ncbi.nlm.nih.gov/pubmed/27794524


254

Neurologia i Neurochirurgia Polska 2024, vol. 58, no. 3

www.journals.viamedica.pl/neurologia_neurochirurgia_polska

Expert Rev Neurother. 2022; 22(10): 829–837, doi: 10.1080/14737
175.2022.2143265, indexed in Pubmed: 36342396.

41.	 Absinta M, Sati P, Masuzzo F, et al. Association of Chronic Active 
Multiple Sclerosis Lesions With Disability In Vivo. JAMA Neurol. 2019; 
76(12): 1474–1483, doi: 10.1001/jamaneurol.2019.2399, indexed 
in Pubmed: 31403674.

42.	 Suthiphosuwan S, Sati P, Absinta M, et al. Paramagnetic Rim Sign 
in Radiologically Isolated Syndrome. JAMA Neurol. 2020; 77(5): 
653–655, doi:  10.1001/jamaneurol.2020.0124, indexed in 
Pubmed: 32150224.

43.	 Oh J, Suthiphosuwan S, Sati P, et al. Cognitive impairment, the central 
vein sign, and paramagnetic rim lesions in RIS. Mult Scler. 2021; 
27(14): 2199–2208, doi: 10.1177/13524585211002097, indexed 
in Pubmed: 33754887.

44.	 Altokhis AI, Hibbert AM, Allen CM, et al. Longitudinal clinical study of 
patients with iron rim lesions in multiple sclerosis. Mult Scler. 2022; 
28(14): 2202–2211, doi: 10.1177/13524585221114750, indexed 
in Pubmed: 36000485.

45.	 Clarke MA, Pareto D, Pessini-Ferreira L, et al. Value of 3T Susceptibi-
lity-Weighted Imaging in the Diagnosis of Multiple Sclerosis. AJNR Am 
J Neuroradiol. 2020; 41(6): 1001–1008, doi:  10.3174/ajnr.A6547, 
indexed in Pubmed: 32439639.

46.	 Frischer JM, Bramow S, Dal-Bianco A, et al. The relation between 
inflammation and neurodegeneration in multiple sclerosis brains. 
Brain. 2009; 132(Pt 5): 1175–1189, doi:  10.1093/brain/awp070, 
indexed in Pubmed: 19339255.

47.	 Filippi M, Rocca MA, Barkhof F, et al. Attendees of the Correlation be-
tween Pathological MRI findings in MS workshop. Association between 
pathological and MRI findings in multiple sclerosis. Lancet Neurol. 
2012; 11(4): 349–360, doi: 10.1016/S1474-4422(12)70003-0, in-
dexed in Pubmed: 22441196.

48.	 Dal-Bianco A, Grabner G, Kronnerwetter C, et al. Long-term evolu-
tion of multiple sclerosis iron rim lesions in 7 T MRI. Brain. 2021; 
144(3): 833–847, doi:  10.1093/brain/awaa436, indexed in 
Pubmed: 33484118.

49.	 Elliott C, Wolinsky JS, Hauser SL, et al. Slowly expanding/evolving 
lesions as a magnetic resonance imaging marker of chronic active 
multiple sclerosis lesions. Mult Scler. 2019; 25(14): 1915–1925, 
doi: 10.1177/1352458518814117, indexed in Pubmed: 30566027.

50.	 Calvi A, Carrasco FP, Tur C, et al. MS SMART Investigators. Association 
of Slowly Expanding Lesions on MRI With Disability in People With 
Secondary Progressive Multiple Sclerosis. Neurology. 2022; 98(17): 
e1783–e1793, doi: 10.1212/WNL.0000000000200144, indexed in 
Pubmed: 35277438.

51.	 Cairns J, Vavasour IM, Traboulsee A, et al. Diffusely abnormal white 
matter in multiple sclerosis. J Neuroimaging. 2022; 32(1): 5–16, 
doi: 10.1111/jon.12945, indexed in Pubmed: 34752664.

52.	 Abel S, Vavasour I, Lee LE, et al. Myelin Damage in Normal Appe-
aring White Matter Contributes to Impaired Cognitive Processing 
Speed in Multiple Sclerosis. J Neuroimaging. 2020; 30(2): 205–211, 
doi: 10.1111/jon.12679, indexed in Pubmed: 31762132.

53.	 Giannetti P, Politis M, Su P, et al. Increased PK11195-PET binding in 
normal-appearing white matter in clinically isolated syndrome. Brain. 
2015; 138(Pt 1): 110–119, doi: 10.1093/brain/awu331, indexed in 
Pubmed: 25416179.

54.	 Datta G, Colasanti A, Rabiner EA, et al. Neuroinflammation and its 
relationship to changes in brain volume and white matter lesions in 
multiple sclerosis. Brain. 2017; 140(11): 2927–2938, doi: 10.1093/
brain/awx228, indexed in Pubmed: 29053775.

55.	 Bodini B, Poirion E, Tonietto M, et al. Individual Mapping of Innate Immune 
Cell Activation Is a Candidate Marker of Patient-Specific Trajectories of 
Worsening Disability in Multiple Sclerosis. J Nucl Med. 2020; 61(7): 1043–
1049, doi: 10.2967/jnumed.119.231340, indexed in Pubmed: 32005777.

56.	 Sucksdorff M, Matilainen M, Tuisku J, et al. Brain TSPO-PET predi-
cts later disease progression independent of relapses in multiple 
sclerosis. Brain. 2020; 143(11): 3318–3330, doi:  10.1093/brain/
awaa275, indexed in Pubmed: 33006604.

57.	 Skirková M, Mikula P, Maretta M, et al. Associations of optical cohe-
rence tomography with disability and brain MRI volumetry in patients 
with multiple sclerosis. Neurol Neurochir Pol. 2022; 56(4): 326–332, 
doi: 10.5603/PJNNS.a2022.0022, indexed in Pubmed: 35289383.

58.	 Chalkias IN, Bakirtzis C, Pirounides D, et al. Optical Coherence Tomo-
graphy and Optical Coherence Tomography with Angiography in Multi-
ple Sclerosis. Healthcare (Basel). 2022; 10(8): 1386, doi: 10.3390/
healthcare10081386, indexed in Pubmed: 35893208.

59.	 Lambe J, Saidha S, Bermel RA. Optical coherence tomo-
graphy and multiple sclerosis: Update on clinical application 
and role in clinical trials. Mult Scler. 2020; 26(6): 624–639, 
doi: 10.1177/1352458519872751, indexed in Pubmed: 32412377.

60.	 Green AJ, McQuaid S, Hauser SL, et al. Ocular pathology in multiple 
sclerosis: retinal atrophy and inflammation irrespective of disease 
duration. Brain. 2010; 133(Pt 6): 1591–1601, doi: 10.1093/brain/
awq080, indexed in Pubmed: 20410146.

61.	 Talman LS, Bisker ER, Sackel DJ, et al. Longitudinal study of vision and reti-
nal nerve fiber layer thickness in multiple sclerosis. Ann Neurol. 2010; 67(6): 
749–760, doi: 10.1002/ana.22005, indexed in Pubmed: 20517936.

62.	 Ratchford JN, Saidha S, Sotirchos ES, et al. Active MS is associated with 
accelerated retinal ganglion cell/inner plexiform layer thinning. Neu-
rology. 2013; 80(1): 47–54, doi: 10.1212/WNL.0b013e31827b1a1c, 
indexed in Pubmed: 23267030.

63.	 Saidha S, Syc SB, Durbin MK, et al. Visual dysfunction in multiple scle-
rosis correlates better with optical coherence tomography derived esti-
mates of macular ganglion cell layer thickness than peripapillary reti-
nal nerve fiber layer thickness. Mult Scler. 2011; 17(12): 1449–1463, 
doi: 10.1177/1352458511418630, indexed in Pubmed: 21865411.

64.	 Murphy OC, Kwakyi O, Iftikhar M, et al. Alterations in the retinal vascula-
ture occur in multiple sclerosis and exhibit novel correlations with disa-
bility and visual function measures. Mult Scler. 2020; 26(7): 815–828, 
doi: 10.1177/1352458519845116, indexed in Pubmed: 31094280.

65.	 Feucht N, Maier M, Lepennetier G, et al. Optical coherence tomography 
angiography indicates associations of the retinal vascular network and 
disease activity in multiple sclerosis. Mult Scler. 2019; 25(2): 224–234, 
doi: 10.1177/1352458517750009, indexed in Pubmed: 29303033.

66.	 Geladaris A, Torke S, Weber MS. Bruton’s Tyrosine Kinase Inhibitors in 
Multiple Sclerosis: Pioneering the Path Towards Treatment of Progres-
sion? CNS Drugs. 2022; 36(10): 1019–1030, doi: 10.1007/s40263-
022-00951-z, indexed in Pubmed: 36178589.

67.	 García-Merino A. Bruton’s Tyrosine Kinase Inhibitors: A New Ge-
neration of Promising Agents for Multiple Sclerosis Therapy. Cells. 
2021; 10(10): 2560, doi:  10.3390/cells10102560, indexed in 
Pubmed: 34685540.

68.	 Liang C, Tian D, Ren X, et al. The development of Bruton’s tyrosine 
kinase (BTK) inhibitors from 2012 to 2017: A mini-review. Eur J Med 
Chem. 2018; 151: 315–326, doi:  10.1016/j.ejmech.2018.03.062, 
indexed in Pubmed: 29631132.

69.	 Hendriks RW. Drug discovery: New Btk inhibitor holds promise. Nat 
Chem Biol. 2011; 7(1): 4–5, doi: 10.1038/nchembio.502, indexed in 
Pubmed: 21164510.

http://dx.doi.org/10.1080/14737175.2022.2143265
http://dx.doi.org/10.1080/14737175.2022.2143265
https://www.ncbi.nlm.nih.gov/pubmed/36342396
http://dx.doi.org/10.1001/jamaneurol.2019.2399
https://www.ncbi.nlm.nih.gov/pubmed/31403674
http://dx.doi.org/10.1001/jamaneurol.2020.0124
https://www.ncbi.nlm.nih.gov/pubmed/32150224
http://dx.doi.org/10.1177/13524585211002097
https://www.ncbi.nlm.nih.gov/pubmed/33754887
http://dx.doi.org/10.1177/13524585221114750
https://www.ncbi.nlm.nih.gov/pubmed/36000485
http://dx.doi.org/10.3174/ajnr.A6547
https://www.ncbi.nlm.nih.gov/pubmed/32439639
http://dx.doi.org/10.1093/brain/awp070
https://www.ncbi.nlm.nih.gov/pubmed/19339255
http://dx.doi.org/10.1016/S1474-4422(12)70003-0
https://www.ncbi.nlm.nih.gov/pubmed/22441196
http://dx.doi.org/10.1093/brain/awaa436
https://www.ncbi.nlm.nih.gov/pubmed/33484118
http://dx.doi.org/10.1177/1352458518814117
https://www.ncbi.nlm.nih.gov/pubmed/30566027
http://dx.doi.org/10.1212/WNL.0000000000200144
https://www.ncbi.nlm.nih.gov/pubmed/35277438
http://dx.doi.org/10.1111/jon.12945
https://www.ncbi.nlm.nih.gov/pubmed/34752664
http://dx.doi.org/10.1111/jon.12679
https://www.ncbi.nlm.nih.gov/pubmed/31762132
http://dx.doi.org/10.1093/brain/awu331
https://www.ncbi.nlm.nih.gov/pubmed/25416179
http://dx.doi.org/10.1093/brain/awx228
http://dx.doi.org/10.1093/brain/awx228
https://www.ncbi.nlm.nih.gov/pubmed/29053775
http://dx.doi.org/10.2967/jnumed.119.231340
https://www.ncbi.nlm.nih.gov/pubmed/32005777
http://dx.doi.org/10.1093/brain/awaa275
http://dx.doi.org/10.1093/brain/awaa275
https://www.ncbi.nlm.nih.gov/pubmed/33006604
http://dx.doi.org/10.5603/PJNNS.a2022.0022
https://www.ncbi.nlm.nih.gov/pubmed/35289383
http://dx.doi.org/10.3390/healthcare10081386
http://dx.doi.org/10.3390/healthcare10081386
https://www.ncbi.nlm.nih.gov/pubmed/35893208
http://dx.doi.org/10.1177/1352458519872751
https://www.ncbi.nlm.nih.gov/pubmed/32412377
http://dx.doi.org/10.1093/brain/awq080
http://dx.doi.org/10.1093/brain/awq080
https://www.ncbi.nlm.nih.gov/pubmed/20410146
http://dx.doi.org/10.1002/ana.22005
https://www.ncbi.nlm.nih.gov/pubmed/20517936
http://dx.doi.org/10.1212/WNL.0b013e31827b1a1c
https://www.ncbi.nlm.nih.gov/pubmed/23267030
http://dx.doi.org/10.1177/1352458511418630
https://www.ncbi.nlm.nih.gov/pubmed/21865411
http://dx.doi.org/10.1177/1352458519845116
https://www.ncbi.nlm.nih.gov/pubmed/31094280
http://dx.doi.org/10.1177/1352458517750009
https://www.ncbi.nlm.nih.gov/pubmed/29303033
http://dx.doi.org/10.1007/s40263-022-00951-z
http://dx.doi.org/10.1007/s40263-022-00951-z
https://www.ncbi.nlm.nih.gov/pubmed/36178589
http://dx.doi.org/10.3390/cells10102560
https://www.ncbi.nlm.nih.gov/pubmed/34685540
http://dx.doi.org/10.1016/j.ejmech.2018.03.062
https://www.ncbi.nlm.nih.gov/pubmed/29631132
http://dx.doi.org/10.1038/nchembio.502
https://www.ncbi.nlm.nih.gov/pubmed/21164510


255www.journals.viamedica.pl/neurologia_neurochirurgia_polska

Natalia Niedziela et al., Clinical and therapeutic challenges of smouldering multiple sclerosis

70.	 Martin E, Aigrot MS, Grenningloh R, et al. Bruton’s Tyrosine Kinase 
Inhibition Promotes Myelin Repair. Brain Plast. 2020; 5(2): 123–133, 
doi: 10.3233/BPL-200100, indexed in Pubmed: 33282676.

71.	 Rotstein DL. All Bruton’s tyrosine kinase inhibitors have simi-
lar efficacy and risks: No. Mult Scler. 2022; 28(10): 1500–1502, 
doi: 10.1177/13524585221091060, indexed in Pubmed: 35437080.

72.	 Estupiñán HY, Berglöf A, Zain R, et al. Comparative Analysis of BTK 
Inhibitors and Mechanisms Underlying Adverse Effects. Front Cell Dev 
Biol. 2021; 9: 630942, doi: 10.3389/fcell.2021.630942, indexed in 
Pubmed: 33777941.

73.	 Montalban X, Arnold DL, Weber MS, et al. Evobrutinib Phase 2 Study 
Group. Placebo-Controlled Trial of an Oral BTK Inhibitor in Multiple 
Sclerosis. N Engl J Med. 2019; 380(25): 2406–2417, doi: 10.1056/
NEJMoa1901981, indexed in Pubmed: 31075187.

74.	 Zurmati BM, Khan J, Reich DS, et al. Tolebrutinib Phase 2b Study Group. 
Safety and efficacy of tolebrutinib, an oral brain-penetrant BTK inhibitor, in 
relapsing multiple sclerosis: a phase 2b, randomised, double-blind, place-
bo-controlled trial. Lancet Neurol. 2021; 20(9): 729–738, doi: 10.1016/
S1474-4422(21)00237-4, indexed in Pubmed: 34418400.

75.	 Gruber R, Blazier A, Lee L, et al. Evaluating the Effect of BTK Inhibi-
tor Tolebrutinib in Human Tri-culture (P1-1.Virtual). Neurology. 2022; 
98(18_supplement), doi: 10.1212/wnl.98.18_supplement.2594.

76.	 ACTRIMS Forum 2022- Poster Presentations. Multiple Sclerosis Journal. 
2022; 28(1_suppl): 20–214, doi: 10.1177/13524585221094745.

77.	 Beynon V, George IC, Elliott C, et al. Chronic lesion activity and disabi-
lity progression in secondary progressive multiple sclerosis. BMJ Neu-
rol Open. 2022; 4(1): e000240, doi: 10.1136/bmjno-2021-000240, 
indexed in Pubmed: 35720980.

78.	 Preziosa P, Pagani E, Meani A, et al. Occurrence and microstructural 
features of slowly expanding lesions on fingolimod or natalizumab tre-
atment in multiple sclerosis. Mult Scler. 2021; 27(10): 1520–1532, 
doi: 10.1177/1352458520969105, indexed in Pubmed: 33183125.

79.	 Eisele P, Wittayer M, Weber CE, et al. Impact of disease-mo-
difying therapies on evolving tissue damage in iron rim multi-
ple sclerosis lesions. Mult Scler. 2022; 28(14): 2294–2298, 
doi: 10.1177/13524585221106338, indexed in Pubmed: 35778799.

80.	 van Munster CEP, Uitdehaag BMJ. Outcome Measures in Clinical 
Trials for Multiple Sclerosis. CNS Drugs. 2017; 31(3): 217–236, 
doi: 10.1007/s40263-017-0412-5, indexed in Pubmed: 28185158.

81.	 Cohen JA, Reingold SC, Polman CH, et al. International Advisory 
Committee on Clinical Trials in Multiple Sclerosis. Disability outcome 
measures in multiple sclerosis clinical trials: current status and futu-
re prospects. Lancet Neurol. 2012; 11(5): 467–476, doi: 10.1016/
S1474-4422(12)70059-5, indexed in Pubmed: 22516081.

82.	 Cadavid D, Cohen JA, Freedman MS, et al. The EDSS-Plus, an 
improved endpoint for disability progression in secondary pro-
gressive multiple sclerosis. Mult Scler. 2017; 23(1): 94–105, 
doi: 10.1177/1352458516638941, indexed in Pubmed: 27003945.

83.	 Chang Ih, Kappos L, Giovannoni G, et al. Overall Disability Response Score: An 
integrated endpoint to assess disability improvement and worsening over time 
in patients with multiple sclerosis. Mult Scler. 2022; 28(14): 2263–2273, 
doi: 10.1177/13524585221114997, indexed in Pubmed: 36131595.

84.	 Cadavid D, Mellion M, Hupperts R, et al. SYNERGY study investigators. 
Safety and efficacy of opicinumab in patients with relapsing multi-
ple sclerosis (SYNERGY): a randomised, placebo-controlled, phase 
2 trial. Lancet Neurol. 2019; 18(9): 845–856, doi: 10.1016/S1474-
4422(19)30137-1, indexed in Pubmed: 31285147.

85.	 Lavorgna L, Brigo F, Esposito S, et al. e-Health and multiple 
sclerosis: An update. Mult Scler. 2018; 24(13): 1657–1664, 
doi: 10.1177/1352458518799629, indexed in Pubmed: 30231004.

86.	 Bradshaw MJ, Farrow S, Motl RW, et al. Wearable biosensors to mo-
nitor disability in multiple sclerosis. Neurol Clin Pract. 2017; 7(4): 
354–362, doi:  10.1212/CPJ.0000000000000382, indexed in 
Pubmed: 29185551.

87.	 Busis N. Mobile phones to improve the practice of neurology. Neurol 
Clin. 2010; 28(2): 395–410, doi: 10.1016/j.ncl.2009.11.001, indexed 
in Pubmed: 20202500.

88.	 Labiano-Fontcuberta A, Mato-Abad V, Álvarez-Linera J, et al. Normal-ap-
pearing brain tissue analysis in radiologically isolated syndrome using 
3 T MRI. Medicine (Baltimore). 2016; 95(27): e4101, doi: 10.1097/
MD.0000000000004101, indexed in Pubmed: 27399108.

89.	 Engl C, Tiemann L, Grahl S, et al. Cognitive impairment in early MS: 
contribution of white matter lesions, deep grey matter atrophy, and 
cortical atrophy. J Neurol. 2020; 267(8): 2307–2318, doi: 10.1007/
s00415-020-09841-0, indexed in Pubmed: 32328718.

90.	 Radetz A, Koirala N, Krämer J, et al. Gray matter integrity predicts 
white matter network reorganization in multiple sclerosis. Hum Brain 
Mapp. 2020; 41(4): 917–927, doi: 10.1002/hbm.24849, indexed in 
Pubmed: 32026599.

91.	 Tahedl M, Levine SM, Greenlee MW, et al. Functional Connectivity 
in Multiple Sclerosis: Recent Findings and Future Directions. Front 
Neurol. 2018; 9: 828, doi: 10.3389/fneur.2018.00828, indexed in 
Pubmed: 30364281.

92.	 Chard D, Trip SA. Resolving the clinico-radiological paradox in multi-
ple sclerosis. F1000Res. 2017; 6: 1828, doi: 10.12688/f1000rese-
arch.11932.1, indexed in Pubmed: 29093810.

93.	 Cree BAC, Bove R, Kirkish G, et al. University of California, San Fran-
cisco MS-EPIC Team, University of California, San Francisco MS-EPIC 
Team. Silent progression in disease activity-free relapsing mul-
tiple sclerosis. Ann Neurol. 2019; 85(5): 653–666, doi:  10.1002/
ana.25463, indexed in Pubmed: 30851128.

94.	 Deczkowska A, Amit I, Schwartz M, et al. Microglial immune checkpo-
int mechanisms. Nat Neurosci. 2018; 21(6): 779–786, doi: 10.1038/
s41593-018-0145-x, indexed in Pubmed: 29735982.

95.	 Benedict RHB, Amato MP, DeLuca J, et al. Cognitive impairment in 
multiple sclerosis: clinical management, MRI, and therapeutic ave-
nues. Lancet Neurol. 2020; 19(10): 860–871, doi: 10.1016/S1474-
4422(20)30277-5, indexed in Pubmed: 32949546.

96.	 Owens TD, Smith PF, Redfern A, et al. Phase 1 clinical trial evaluating 
safety, exposure and pharmacodynamics of BTK inhibitor tolebrutinib 
(PRN2246, SAR442168). Clin Transl Sci. 2022; 15(2): 442–450, 
doi: 10.1111/cts.13162, indexed in Pubmed: 34724345.

97.	 Herman AE, Chinn LW, Kotwal SG, et al. Safety, Pharmacokinetics, 
and Pharmacodynamics in Healthy Volunteers Treated With GDC-
0853, a Selective Reversible Bruton’s Tyrosine Kinase Inhibitor. Clin 
Pharmacol Ther. 2018; 103(6): 1020–1028, doi: 10.1002/cpt.1056, 
indexed in Pubmed: 29484638.

98.	 Becker A, Martin EC, Mitchell DY, et al. Safety, Tolerability, Pharmacokine-
tics, Target Occupancy, and Concentration-QT Analysis of the Novel BTK 
Inhibitor Evobrutinib in Healthy Volunteers. Clin Transl Sci. 2020; 13(2): 
325–336, doi: 10.1111/cts.12713, indexed in Pubmed: 31654487.

99.	 Zhang D, Gong He, Meng F. Recent Advances in BTK Inhibitors for the 
Treatment of Inflammatory and Autoimmune Diseases. Molecules. 
2021; 26(16): 4907, doi: 10.3390/molecules26164907, indexed in 
Pubmed: 34443496.

100.	 Kaul M, End P, Cabanski M, et al. Remibrutinib (LOU064): A se-
lective potent oral BTK inhibitor with promising clinical safety and 
pharmacodynamics in a randomized phase I trial. Clin Transl Sci. 
2021; 14(5): 1756–1768, doi:  10.1111/cts.13005, indexed in 
Pubmed: 33834628.

http://dx.doi.org/10.3233/BPL-200100
https://www.ncbi.nlm.nih.gov/pubmed/33282676
http://dx.doi.org/10.1177/13524585221091060
https://www.ncbi.nlm.nih.gov/pubmed/35437080
http://dx.doi.org/10.3389/fcell.2021.630942
https://www.ncbi.nlm.nih.gov/pubmed/33777941
http://dx.doi.org/10.1056/NEJMoa1901981
http://dx.doi.org/10.1056/NEJMoa1901981
https://www.ncbi.nlm.nih.gov/pubmed/31075187
http://dx.doi.org/10.1016/S1474-4422(21)00237-4
http://dx.doi.org/10.1016/S1474-4422(21)00237-4
https://www.ncbi.nlm.nih.gov/pubmed/34418400
http://dx.doi.org/10.1212/wnl.98.18_supplement.2594
http://dx.doi.org/10.1177/13524585221094745
http://dx.doi.org/10.1136/bmjno-2021-000240
https://www.ncbi.nlm.nih.gov/pubmed/35720980
http://dx.doi.org/10.1177/1352458520969105
https://www.ncbi.nlm.nih.gov/pubmed/33183125
http://dx.doi.org/10.1177/13524585221106338
https://www.ncbi.nlm.nih.gov/pubmed/35778799
http://dx.doi.org/10.1007/s40263-017-0412-5
https://www.ncbi.nlm.nih.gov/pubmed/28185158
http://dx.doi.org/10.1016/S1474-4422(12)70059-5
http://dx.doi.org/10.1016/S1474-4422(12)70059-5
https://www.ncbi.nlm.nih.gov/pubmed/22516081
http://dx.doi.org/10.1177/1352458516638941
https://www.ncbi.nlm.nih.gov/pubmed/27003945
http://dx.doi.org/10.1177/13524585221114997
https://www.ncbi.nlm.nih.gov/pubmed/36131595
http://dx.doi.org/10.1016/S1474-4422(19)30137-1
http://dx.doi.org/10.1016/S1474-4422(19)30137-1
https://www.ncbi.nlm.nih.gov/pubmed/31285147
http://dx.doi.org/10.1177/1352458518799629
https://www.ncbi.nlm.nih.gov/pubmed/30231004
http://dx.doi.org/10.1212/CPJ.0000000000000382
https://www.ncbi.nlm.nih.gov/pubmed/29185551
http://dx.doi.org/10.1016/j.ncl.2009.11.001
https://www.ncbi.nlm.nih.gov/pubmed/20202500
http://dx.doi.org/10.1097/MD.0000000000004101
http://dx.doi.org/10.1097/MD.0000000000004101
https://www.ncbi.nlm.nih.gov/pubmed/27399108
http://dx.doi.org/10.1007/s00415-020-09841-0
http://dx.doi.org/10.1007/s00415-020-09841-0
https://www.ncbi.nlm.nih.gov/pubmed/32328718
http://dx.doi.org/10.1002/hbm.24849
https://www.ncbi.nlm.nih.gov/pubmed/32026599
http://dx.doi.org/10.3389/fneur.2018.00828
https://www.ncbi.nlm.nih.gov/pubmed/30364281
http://dx.doi.org/10.12688/f1000research.11932.1
http://dx.doi.org/10.12688/f1000research.11932.1
https://www.ncbi.nlm.nih.gov/pubmed/29093810
http://dx.doi.org/10.1002/ana.25463
http://dx.doi.org/10.1002/ana.25463
https://www.ncbi.nlm.nih.gov/pubmed/30851128
http://dx.doi.org/10.1038/s41593-018-0145-x
http://dx.doi.org/10.1038/s41593-018-0145-x
https://www.ncbi.nlm.nih.gov/pubmed/29735982
http://dx.doi.org/10.1016/S1474-4422(20)30277-5
http://dx.doi.org/10.1016/S1474-4422(20)30277-5
https://www.ncbi.nlm.nih.gov/pubmed/32949546
http://dx.doi.org/10.1111/cts.13162
https://www.ncbi.nlm.nih.gov/pubmed/34724345
http://dx.doi.org/10.1002/cpt.1056
https://www.ncbi.nlm.nih.gov/pubmed/29484638
http://dx.doi.org/10.1111/cts.12713
https://www.ncbi.nlm.nih.gov/pubmed/31654487
http://dx.doi.org/10.3390/molecules26164907
https://www.ncbi.nlm.nih.gov/pubmed/34443496
http://dx.doi.org/10.1111/cts.13005
https://www.ncbi.nlm.nih.gov/pubmed/33834628

