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Summary
Smouldering disease in multiple sclerosis (MS) refers to chronic central nervous system processes that occur beyond 
acute inflammation, driving long-term disability. Although current therapies effectively reduce relapse rates and 
MRI lesions, many individuals experience progression independent of relapse activity. While clinical progression is 
uncommon during childhood or adolescence, growing evidence suggests that subclinical progressive disease biology 
is already active even in this young age group, warranting early intervention to preserve function. Conventional MRI, 
while critical for diagnosis, lacks sensitivity for subtle damage. Advanced MRI techniques, including detection of 
chronic active lesions, global and focal brain damage, hold promise for early identification. Fluid biomarkers, such 
as neurofilament light chain and glial fibrillary acidic protein, provide non-invasive measures of neuroaxonal injury 
and ongoing chronic inflammation. This review summarises the role of MRI and fluid biomarkers in detecting 
smouldering disease in paediatric-onset MS and their application in supporting therapeutic decision-making.

Copyright © 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
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Introduction
Smouldering disease in multiple sclerosis (MS) refers 
to chronic, diffuse neurodegenerative processes that 
drive gradual clinical worsening beyond acute inflam
mation.1 These mechanisms are difficult to detect 
despite effective suppression of focal inflammation 
with current therapies. Paediatric-onset MS (POMS) 
offers insight into early disease biology, as its clinical 
onset is closer to the biological onset of disease than 
adult-onset MS (AOMS). Unique age-related features, 
such as the impact of the disease on brain maturational 
processes, as well as heightened plasticity of the central 
nervous system (CNS) in response to accumulating 

structural damage, are important facets of POMS as 
compared to AOMS.2–5 Advanced magnetic resonance 
imaging (MRI) techniques offer promise for early 
detection of smouldering disease. They can capture 
subtle abnormalities in brain and spinal cord tissue that 
cannot be visualised using conventional imaging 
techniques.6–12 MRI markers of pathological processes 
potentially underlying smouldering disease are detect
able in POMS. Serum and cerebrospinal fluid (CSF) 
biomarkers may reflect underlying neuroinflammation 
and axonal damage, supporting their role in identifying 
smouldering disease and guiding early intervention 
strategies.13–17

In this narrative review, we (1) summarise the 
immunopathology of smouldering disease and its 
clinical expression in POMS, (2) describe emerging 
imaging and body fluid markers used to identify 
smouldering disease, and (3) report the potential utility 
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for neuroimaging and body fluid markers to monitor 
treatment effects.

Search strategy and selection criteria
References for this narrative review were identified 
through searches of PubMed with the search terms 
“adult-onset multiple sclerosis”, “chronic active le
sions”, “confirmed disability accrual”, “fluid bio
markers”, “grey matter”, “glial fibrillary acidic protein”, 
“MRI”, “neurofilaments”, “paediatric-onset multiple 
sclerosis”, “progression independent of relapse activ
ity”, “repair”, “smouldering disease”, “spinal cord”, 
“thalamus”, “treatment”, “white matter” from 1990 
until April, 2025. Each co-author performed a targeted 
literature search on the topic of their respective 
contribution, selecting the most relevant, recent, and 
innovative studies to support the scientific discussion. 
Articles were also identified through searches of the 
authors’ own files. Only papers published in English 
were reviewed. As this was not a systematic review, the 
number of records retrieved and a detailed screening 
process are not reported. The final reference list was 
generated on the basis of originality and relevance to 
the broad scope of this Review.

Immunopathology of smouldering disease
Smouldering MS pathology is thought to result from 
widespread inflammatory and degenerative processes, 
including anterograde and retrograde axonal degener
ation, impaired neuronal metabolism and mitochon
drial dysfunction, oxidative stress, iron accumulation, 
glutamate excitotoxicity, coupled with the failure of 
reparative/compensatory mechanisms such as remye
lination and neural plasticity.1 Our understanding of 
smouldering pathology is largely based on pathological 
studies performed in AOMS since, to date, no patho
logical studies have specifically characterised smoul
dering mechanisms in POMS. Nonetheless, these 
pathological processes are believed to underlie smoul
dering disease across the age span, and they may 
translate at least partially to POMS, even though with 
possible differences due to CNS maturation and im
mune responses. Increasing evidence suggests that 
CNS-intrinsic biological processes play a central role 
even in the early stages of MS and are considered 
distinct from the mechanisms underlying MS relapsing 
biology.

Several key processes may drive smouldering dis
ease in MS. These include microglial activation around 
chronic active lesions (CALs) with B and T cell in
teractions, B cell activation associated with cortical 
demyelination, astrocyte-driven chronic inflammation, 
and intrinsic neuronal metabolic deficits.1 A network of 
glial, immune, and neural cells likely sustains the pa
thology of smouldering disease, reflected by the cellular 
composition of CALs behind an intact blood–brain 

barrier, containing activated microglia, astrocytes, oli
godendrocytes, and lymphocytes.9 Diffuse microglial 
activation and oxidative injury in the normal appearing 
(NA) white matter (WM) correlate with axonal dam
age.18 Although microglia can be homoeostatic, they 
mainly promote harmful processes such as demyelin
ation, aberrant synaptic pruning, and excessive phago
cytosis.1 B and T cells in CNS and leptomeningeal 
chronic inflammation are also key drivers of smoul
dering disease. In the meninges, B cells can form ter
tiary lymphoid structures associated with subpial 
cortical demyelination.19 Even though CD8 T cells 
outnumber other T cells, Th17 cells have been proposed 
to be a potentially important cell type in smouldering 
MS, although targeting Th17 cells did not yield thera
peutic benefits on the cumulative number of combined 
unique active lesions observed on brain MRI in a phase 
2 trial.20 Focal grey matter (GM) damage, associated 
with meningeal inflammation, follows a surface-in 
gradient, causing severe demyelination and atrophy.21 

Moreover, astrocytes activated by immune cells and 
microglia shift into neurotoxic states, further impairing 
neuronal metabolism, with mitochondrial dysfunction 
seen as a key driver of neurodegeneration.22 Due to the 
very limited pathological tissues (biopsies) or autopsy 
data in POMS, it is not possible to evaluate whether age 
at MS onset in childhood leads to differences in the 
pathological features of smouldering disease.

Clinical features
Disability worsening and progression independent 
of relapse activity
The consequences of POMS on neurological function 
reflect relapse-related tissue injury, repair processes 
including remyelination and ongoing tissue loss driven 
by progressive MS pathobiological CNS injury. In a 
natural history cohort, individuals with POMS (median 
age at onset = 14.5 years) had a 50% chance of devel
oping an expanded disability status scale (EDSS) score 
≥6 at a median of 28.9 years post-first attack, and a 
median of 28 years to enter secondary progressive MS.23 

In this study, in which the majority of individuals with 
POMS were untreated or treated with low to moderate 
efficacy therapies, the number of relapses in the first 
two years was associated with worse motor outcomes. 
However, the risk of progressive disability independent 
of relapses (PIRA, defined as confirmed disability 
accrual, CDA, more than 90 days following or more 
than 30 days prior to a relapse) is not easily discerned 
from this data. A more recent cohort study of over 
16,130 individuals with MS evaluated PIRA, comparing 
1383 POMS (median age at onset = 15.8 years) to 14,113 
AOMS and 634 late-onset MS.24 POMS had more active 
disease, as measured by relapses, and appeared to have 
similar PIRA risk (40% of 558 individuals with CDA) 
compared to AOMS (44% of 6258 individuals with 
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CDA). When PIRA was considered as a function of 
biological age at assessment, only 1.3% of individuals 
experienced PIRA at age 20 years, while 9% experi
enced PIRA by age 30 years. The rate of PIRA nearly 
doubled in each decade thereafter. Exposure to disease- 
modifying agents and duration of treatment reduced 
the likelihood of PIRA. An extension of this work 
evaluated disability trajectories of 268 individuals with 
POMS and 3282 with AOMS, stratified by the presence 
of PIRA.25 The rate of increase in disability was steeper 
in AOMS compared to POMS. Those with PIRA expe
rienced faster accrual of disability, with a greater impact 
of PIRA being evident in AOMS. However, the absolute 
EDSS scores for POMS in this study were less than 2 
across the years of evaluation, consistent with low levels 
of neurologic impairment (Fig. 1).25 Also noteworthy is 
that 97% of individuals with POMS in this cohort were 
treated within a few months of first attack, the majority 
with moderate efficacy treatments, although 62% esca
lated to high efficacy treatment (HET) over the period of 
observation. Current cohorts with POMS, particularly 
those reported with less than 10 years of observation, 
have median EDSS scores that remain very low, indic
ative of a very low rate of accrual of physical impair
ment, even if they meet criteria for a PIRA event.

Cognitive impairment
PIRA can occur at any age, but is much less common 
while under 18 years of age.24 Nonetheless, at the time 
of diagnosis, children and adolescents have already lost 
some degree of brain volume relative to their non-MS 
peers,10 findings consistent with the concept of 
ongoing neurodegeneration and smouldering 
inflammation.

Individuals with POMS neurologically recover from 
relapses with fewer neurologic deficits than AOMS.26 

Further, cognitive screening tests performed on 
POMS participants from the recent therapeutic era 
show little difference from similarly aged individuals 
without MS27 and POMS individuals had similar aca
demic performance as their peers without MS.28

The biggest concern for smouldering inflammation 
among POMS is the long-term outcome of cognitive 
function. Among POMS individuals who underwent 
serial cognitive testing, a substantial subset had major 
cognitive declines after 10 or more years, which had 
adverse consequences for occupational attainment.29 In 
larger samples, cognitive processing speed perfor
mance early in the disease course was similar among 
individuals with AOMS and POMS, but over time 
POMS showed greater impairments with increasing 
disease duration.30

Environmental factors, specifically the social and 
economic conditions in which individuals are born and 
grown, have been found to be associated with cognitive 
reserve and structural brain outcomes in POMS.31 

Among 138 POMS with a median age at onset of 15.5 
years, indicators of socioeconomic hardship (e.g., public 
vs. commercial health insurance, having parents with 
low educational levels, or growing up in areas of 
neighbourhood deprivation) were associated with 
greater T2-hyperintense and T1-hypointense WM 
lesional volumes.31 Specifically, childhood neighbour
hood social vulnerability index was the strongest indi
vidual predictor of total WM lesion (β = 4.63, p = 0.002) 
and T1-hypointense lesion volume (β = 2.91, p = 0.003). 
In the models incorporating all childhood social de
terminants of health variables, public health insurance 

Fig. 1: Disability trajectories stratified by PIRA status in POMS, AOMS and LOMS. In groups with AOMS and LOMS, individuals with PIRA 
(orange line) showed a significantly (p < 0.0001) steeper increase in EDSS scores than those without PIRA (grey line), and this was evident 
from the first year after the occurrence of PIRA. In the group with POMS, individuals who presented a PIRA event (orange line) had also a 
significantly (p < 0.0001) steeper increase in EDSS scores than those without PIRA (grey line), but, unlike AOMS and LOMS, the two disability 
trajectories began to diverge later, two years after the first PIRA event. “Yes” and “No” refer to the presence or absence of PIRA. Reproduced 
from: Simone M, Lucisano G, Guerra T et al. Disability trajectories by progression independent of relapse activity status differ in paediatric, 
adult and late-onset multiple sclerosis. J Neurol 2024; 271 (10): 6782-90, an open access article under a Creative Commons Attribution 4.0 
International Licence (To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/). Abbreviations. AO, adult onset; 
EDSS, Expanded Disability Status Scale; IQR, interquartile range; LO, late onset; MS, multiple sclerosis; PIRA, progression independent of 
relapse activity; PO, paediatric-onset.
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was the strongest predictor of total lesion (β = 2.48, 
p = 0.01) and T1-hypointense lesion volume (β = 1.50, 
p = 0.02), attenuating the effect of neighbourhood social 
vulnerability index. Consistent with the critical role of 
cognitive reserve in predicting outcomes, lower base
line intelligence quotient is linked to greater GM vol
ume loss and subsequent cognitive decline in POMS.10

Prompt diagnosis and initiation of HET prior to 
accumulation of neurologic impairment associates with 
a decreased likelihood of transition to a progressive 
course at 5 years.32 Also of therapeutic importance is 
implementing cognitive rehabilitation strategies for 
POMS.33

Imaging markers
WM lesions (slowly expanding lesions and 
paramagnetic rim lesions)
The smouldering damage in MS manifests in multiple 
forms potentially arising from distinct sources, one of 
which is the downstream effects of acute inflammation. 
While most acute WM lesions evolve into inactive le
sions, characterised by resolution of inflammation and 
demyelinating processes, others develop into CALs, 
marked by persistence of inflammation in the form of a 
rim of activated myeloid cells at the lesion edge, without 
major BBB breakdown.34 These latter lesions, often 
referred to as slowly expanding lesions (SELs), are 
believed to gradually enlarge over time, leading to 
progressive myelin and axonal damage. The detection 
of SELs relies on serial imaging acquisition over the 
course of several years, as WM lesions expand slowly. 
The defining imaging criteria for SELs include both 
gradual and radial expansion of pre-existing T2 lesions 

(Fig. 2a, Fig. 3), distinguishing them from the “new or 
enlarging lesions” detectable on conventional MRI, 
which encompass both new acute inflammatory activity 
near an existing lesion and chronic expansion.34 

Although SELs are reported more frequently in the 
progressive phase of MS, recent studies on 19 and 40 
children and adolescents with MS with a median age at 
MRI of 14.3 and 15.6 years identified the presence of 
SELs in 16 (84%)6 and 34 participants (85%),35 sup
porting the underlying progressive biology as an early 
feature of MS pathology.

CALs can be detected on MRI also due to the pres
ence of iron-laden activated microglia/macrophages at 
the lesion edge, which are visible as a paramagnetic rim 
using susceptibility weighted MRI techniques (PRL) 
(Fig. 2b and 3).36 PRLs only partially overlap with SELs 
and might therefore be expression of distinct patho
logical aspects or phases of CALs.34 Recent paediatric 
studies, with cohort sizes between 10 and 13 partici
pants (median ages at MRI ranging from 15.0 to 16.4 
years), identified PRLs in 71–90% MS cases,7,37–40 where 
they accounted for less of 5% of all WM lesions. Thus, 
despite being present in most individuals with MS, 
PRLs constitute only a minor fraction of WM lesions 
detected at any timepoint, a distinction that appears 
even more pronounced in POMS compared to AOMS.7

Both SELs and PRLs have high specificity for MS 
and are associated with more severe disease course,6,38 

with significant diagnostic and prognostic implica
tions. It must be acknowledged that PRLs and SELs are 
difficult to correlate with other markers of disability, 
such as EDSS score and brain volumes, due to the 
intrinsic repair/remyelinating capacity, which results in 
low clinical disability, and the ongoing brain 

Fig. 2: SELs and PRLs in POMS. a. Example of SEL detection as a region within an initial T2 lesion mask measuring at least 30 mm3 that 
shows radial and gradual expansion on serial T1-and T2-weighted MRI scans over three years in an individual with POMS (panels a–c for T1- 
and e–g for T2-weighted images). Volume changes are quantified at the voxel level through Jacobian determinant (panel d, where red voxels 
indicate expansion and blue voxels contraction). The boundaries of an identified SEL are marked in panel h. b. Detection of a PRL on axial 
susceptibility weighted images (a, green arrow) corresponding to an area of hyperintensity on T2 fluid-attenuated inversion recovery se
quences in an individual with POMS (b). Only a minority of T2 hyperintense lesions show a paramagnetic rim on susceptibility weighted 
images. MRI images are obtained from the Pediatric Demyelinating Disease Study.6 Abbreviations: POMS, paediatric-onset multiple sclerosis; 
PRL, paramagnetic rim lesion; SEL, slowly expanding lesion.
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maturational processes occurring in POMS. Despite 
these limitations, compared to SELs, PRLs have the 
advantage of being detectable at a single timepoint, 
enhancing their practical applicability as prognostic 
biomarker. The detection of PRLs will be incorporated 
in the diagnostic algorithm of the 2025 revision of the 
MS diagnostic criteria, and their identification among 
individuals with POMS supports the applicability of this 
neuroimaging biomarker across the age span.40

Normal-appearing white matter (NAWM)
Abnormalities in the NAWM may contribute to clinical 
worsening independent of new inflammatory attacks in 
AOMS. Likewise, changes in WM microstructure pre
cede GM atrophy and disability in POMS.5

Injury to NAWM in POMS can be demonstrated by 
using techniques such as diffusion tensor imaging 
(DTI), which evaluates properties of the diffusion of 
water through tissues. In the paediatric population, 
diffusion becomes increasingly restricted through time, 
a direct consequence of the expected development of 

myelin fibre bundles. Use of diffusion metrics, 
including mean diffusivity (MD) and fractional anisot
ropy (FA), can therefore demonstrate microstructural 
damage in NAWM or abnormalities in healthy myelin- 
related development.41 Other higher order diffusion 
methods such as neurite orientation dispersion and 
density imaging (NODDI)42 and fixel-based analysis 
(FBA),43 offer specificity with regards to neurite orien
tation and fibre density and therefore may be more 
sensitive to identifying axonal loss.

Cross-sectional work has consistently demonstrated 
widespread abnormalities in NAWM in POMS (Fig. 3). 
Specifically, decreases in FA and increase in mean, 
radial and axial diffusivity were demonstrated in co
horts of 10, 14 and 33 paediatric MS (median ages at 
MRI ranging from 15.1 to 16.6 years) compared to 
healthy children,44–46 with associations of worse out
comes with longer disease duration noted in one 
study.44 Specific areas of FA decrease have been seen in 
the splenium of the corpus callosum, right temporal, 
and right and left parietal regions as well as the occipital 

Fig. 3: Schematic overview of WM and GM pathological processes occurring in POMS. Impaired brain and thalamic maturation have been 
observed in individuals with POMS, highlighting reduced age-related growth trajectories in these individuals compared to HC. Other features 
include cortical and cerebellar GM lesions, slowly expanding lesions, and paramagnetic rim lesions alongside microstructural changes in the 
normal-appearing WM. Additional findings involve hippocampal volume abnormalities, characterised by regional atrophy and dentate gyrus 
hypertrophy, and a CSF-in gradient of thalamic damage. Created with https://biorender.com. Abbreviations. CSF, cerebrospinal fluid; GM, grey 
matter; HC, healthy controls; POMS, paediatric-onset multiple sclerosis; WM, white matter.
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region. With regards to fibre density, children with MS 
(n = 18), but not myelin oligodendrocyte glycoprotein 
antibody-associated disease (n = 14) compared to 
healthy children (n = 26) had decreased fibre density 
and fibre bundle cross section in multiple areas, similar 
to those noted above, but also specifically in the corti
cospinal tracts and inferior longitudinal fasiculus.43 

Similar results have been reported in a cohort of 
early-onset paediatric MS (onset before 12 years of age), 
in whom the main WM tracts exhibited different sus
ceptibility to MS-related pathology, potentially reflecting 
age-dependent differences in the myelin and axonal 
characteristics of developing WM pathways.47

Using NODDI, neurite density has been found to be 
low in the corpus callosum and posterior thalamic ra
diation, with correlations between higher NAWM den
sity and lesion volume in the cerebellar peduncle and 
corticospinal tract.42 NAWM changes are progressive as 
demonstrated in a longitudinal assessment 
(POMS = 52, healthy children = 80 and monophasic 
demyelination = 79). Individuals with POMS demon
strated progressive decreases in FA and increases in 
MD through time, suggesting both poor WM develop
ment and progressive loss of tissue integrity.8

Focal and diffuse GM damage
Focal cortical lesions (CLs) are present in POMS, but 
less frequently than in AOMS (Fig. 3).9,48 A study using 
double inversion recovery (DIR) imaging reported CLs 
in 8% of individuals with POMS (median age at 
MRI = 15.5 years) vs. 66% of individuals with AOMS,9 

with subsequent studies confirming low prevalence 
rates between 12 and 34%.48,49 Over time, CL accumu
lation occurs at similar rates regardless of age at onset 
(mean new CLs [standard deviation]: POMS = 1.5 [1.3]; 
AOMS = 1.1 [1.5]).48 In POMS, CLs are predominantly 
located at the GM–WM interface, a region where 
myelin proliferation persists through childhood and 
adolescence.9 Cerebellar GM lesions, detected in 93% of 
individuals with POMS at disease onset (mean age at 
MRI = 14.9 years) using phase-sensitive inversion re
covery (PSIR) imaging (Fig. 3),50 are common. Despite 
their presence, GM lesions in POMS appear to have 
limited short-term clinical impact. The longer-term 
consequences of GM lesions in POMS are less clear.

POMS is also characterised by diffuse GM abnor
malities, including microstructural alterations and at
rophy in cortex, deep GM nuclei, hippocampus, and 
cerebellum.5,10,48,51–55 A key finding is the failure of 
normal age-expected GM maturation (Fig. 3).10,51 In
dividuals with POMS seem to deviate from expected 
brain growth trajectories, suggesting an impaired GM 
maturation and early GM volume loss.10,51 Interestingly, 
one study showed that individuals with POMS exhibit 
smaller brain and thalamic volumes compared to 
healthy peers, regardless of whether disease onset oc
curs before or after the age of 11.51 Moreover, the extent 

of GM volume abnormalities correlates with overall T2- 
hyperintense WM lesion volume, supporting the hy
pothesis that MS not only drives neurodegeneration 
secondary to inflammatory demyelination but also dis
rupts brain development when the disease occurs dur
ing critical periods of brain development. The thalamus 
seems particularly vulnerable to damage, showing early 
microstructural abnormalities and volume loss.10,52,53 

This damage is at least partly due to disrupted 
thalamic connections caused by focal WM lesions, as 
indicated by strong associations with T2-hyperintense 
WM lesion volume.52 Additionally, recent studies have 
revealed a “surface-in gradient” of thalamic abnormal
ities, with the most severe damage near the CSF 
interface, suggesting the role of CSF-diffusible inflam
matory or cytotoxic factors and of the choroid plexus in 
the onset and propagation of damage (Fig. 3).52,53,56 An 
association between thalamic microstructural damage 
and glymphatic system dysfunction (i.e., lower diffu
sion tensor image analysis along the perivascular space 
index values compared to healthy children) has also 
been recently observed in individuals with POMS 
(median age at MRI = 15.5 years).57 Additional GM 
volume abnormalities in POMS include bilateral radial 
atrophy of hippocampal body and head, with simulta
neous radial hypertrophy of the cerebellar dentate gyrus 
(Fig. 3).55 These regional hippocampal abnormalities 
correlate with brain T2-hyperinense WM lesion volume 
and cognitive performance, suggesting that hippocam
pal atrophy may contribute to cognitive impairment in 
POMS, whereas dentate hypertrophy may represent a 
compensatory response.55 Cerebellar volume loss and 
posterior fossa lesions have been linked to impaired 
processing speed (Fig. 3).54

Spinal cord damage
MRI studies have shown that spinal cord lesions in 
POMS are frequent, mainly localised at the cervical 
region and are typically focal and partial in cross- 
sectional involvement.58 Longitudinally extensive le
sions have rarely been found in POMS (5%).58 The as
sociation of spinal cord lesions with disability 
accumulation has been assessed in a study of 125 in
dividuals with POMS at their first demyelinating event, 
in which the number of baseline cervical cord lesions 
was found to be a moderate predictor (β = 0.22, p = 0.05) 
of higher EDSS 9 years after the baseline scan.59

Recent studies have also indicated that while 
microstructural abnormalities and global spinal cord 
volume in POMS may not differ significantly from 
healthy children,11,12,60 individuals with cervical cord le
sions can exhibit voxel-wise GM abnormalities. One 
study investigating 38 individuals with paediatric MS 
with a median age at MRI of 17.4 years showed voxel- 
wise clusters of increased GM volume co-localising 
with cervical lesions,11 suggesting focal inflammation 
and oedema as predominant processes in the first 
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phases of the disease. These findings mirror adult data, 
which shows preserved spinal cord volumes in the first 
phases of disease with subsequent development of at
rophy with longer disease duration.61

A 12-year longitudinal study showed that individuals 
with relapsing-remitting AOMS who converted to sec
ondary progressive MS exhibited faster spinal cord at
rophy (−2.19% vs. −0.88% per year) beginning at least 
four years prior to conversion, highlighting the pre
dictive value of spinal cord monitoring for early detec
tion of smouldering disease.62 Longitudinal studies are 
needed to determine the prognostic relevance of spinal 
cord atrophy and the potential repair mechanisms for 
the spinal cord in paediatric cohorts.

Tissue repair and plasticity
The delayed accrual of motor disability in POMS, at 
least in the early years after disease onset, despite 
significantly more inflammatory activity compared to 
AOMS, may be attributed to more efficient repair 

mechanisms in POMS, to greater cellular reserve 
including mitochondrial function, and potentially to the 
reduced extent of spinal cord involvement, as well as to 
the absence of comorbid diseases that can deleteriously 
impact function. Consistent with the delayed accrual of 
motor impairment in POMS is the better recovery from 
clinical relapses26 and a slightly greater remyelinating 
capacity in acute focal lesions associated with younger 
age, as suggested by the higher amount of magnet
isation transfer ratio recovery following lesion forma
tion (Fig. 4).4 Recently, microstructural abnormalities in 
the subventricular zone, which harbours multipotent 
neural stem cells and progenitor cells, have been 
described in children with MS (median age at 
MRI = 14.6 years), but not in adults with POMS. These 
changes were associated with brain structural damage 
but not with clinical impairment.2

The CNS of children is also more “plastic” than that 
of adults.63 Structural and functional brain plasticity, 
especially in younger individuals with MS, may 

Fig. 4: Schematic overview of different mechanisms of tissue repair and plasticity occurring in POMS. WM plasticity, including 
remyelination and axonal reorganisation, plays a central role in preserving network integrity in individuals with POMS. The SVZ contributes to 
regenerative processes through neurogenesis and glial cell differentiation. Additionally, GM plasticity—particularly dendritic remodelling and 
synaptic adaptation—may support cognitive reserve and functional compensation. Created with https://biorender.com. Abbreviations. 
CNS, central nervous system; GM, grey matter; POMS, paediatric-onset multiple sclerosis; SVZ, subventricular zone; WM, white matter.

Review

www.thelancet.com Vol 120 October, 2025 7

https://biorender.com/


compensate for the progressive accumulation of MS- 
related structural damage. Activations of specific brain 
regions on functional MRI and distributed patterns of 
resting-state functional connectivity abnormalities in 
large-scale brain networks, compared with paediatric 
healthy controls and AOMS, have been suggested as 
possible adaptive compensatory mechanisms that pre
serve function despite the presence of extensive brain 
injury (Fig. 4).3

The enhanced repair capacity associated with POMS 
ultimately fails over time, with ageing and disease- 
related processes.5 Early in the disease, individuals 
with AOMS exhibit greater WM and GM damage than 
those with POMS. However, damage progresses faster 
in POMS, ultimately leading to more severe brain 
injury over longer disease durations.5 WM integrity 
abnormalities become more pronounced in POMS after 
14 years of disease, whereas GM atrophy surpasses that 
of AOMS after 20 years. These findings suggest that 
while the younger brain initially compensates for MS- 
related damage, this ability diminishes over time, 
leading to progressive neurodegeneration, disability 
accumulation and cognitive deficits at a younger age.

Body fluid biomarkers
Most available studies in paediatric populations pri
marily examine the relationship between biomarkers 
and clinical or imaging disease activity. Direct evidence 
linking these biomarkers to smouldering pathology or 
PIRA is currently lacking.

Oligoclonal bands and the kappa free light chain 
index (k-index) are well-established CSF biomarkers 
routinely used in the diagnostic work-up of POMS, 
reflecting intrathecal B-cell activation and immuno
globulin synthesis.64,65 However, to date, there is no 
evidence supporting their prognostic value specifically 
in relation to PIRA in POMS. Similar to AOMS, neu
rofilament light chain (NfL) level in serum and CSF is 
an established marker of concurrent disease activity (i. 
e., recent/ongoing clinical relapse, new T2 lesions, or 
enhancing MRI lesions) in POMS.13–16,66 In the same 
way, serum glial fibrillary acidic protein (GFAP) reflects 
ongoing CNS injury, more specifically involving astro
cytes.16,17 Although studies in individuals with POMS 
have not been performed yet, some evidence showed 
that in individuals with AOMS, including younger 
subjects, higher baseline sGFAP levels may be predic
tive of subsequent PIRA development.67 This suggests 
that GFAP may capture a different component of dis
ease biology, namely, astrocytic dysfunction or glial 
responses, in addition to axonal damage reflected by 
NfL, and possibly associated to chronic inflammation 
and neurodegeneration. Other biomarkers, such as 
tryptophan metabolites and plasma lipid profiles, have 
been evaluated primarily in individuals with POMS and 
should be considered as preliminary markers of disease 

activity in POMS17,68–70 unless also reported in adult MS. 
While these research markers may reflect systemic 
metabolic or immune alterations, their relevance for 
smouldering disease or PIRA remains to be clarified, as 
is their place for clinical use in paediatric populations.

Therefore, there is an urgent need for well-designed 
longitudinal studies investigating the association of 
serum and CSF biomarkers in smouldering disease and 
their predictive value in POMS. These studies should 
ensure appropriate normalisation of biomarker mea
surements to account for age-related variability and 
other potential confounders (i.e., body mass index), 
thereby improving the reliability and clinical applica
bility of these markers in paediatric populations.

Therapeutic implications
Smouldering disease starts early in POMS and PIRA 
must be considered as a target in the therapeutic 
management of POMS. Moreover, as more sensitive 
biomarkers of PIRA are developed, we are likely to 
discover a higher incidence and better understanding of 
PIRA in POMS.16 It is unclear whether the current 
therapies commonly used for POMS reduce PIRA in 
this early-onset population.71 Although a recent study 
performed in a small group of individuals with POMS 
suggested that natalizumab may prevent PIRA over a 
mean follow-up period of 46 months,72 long-term data 
are needed to confirm these findings. A delayed DMT 
start is associated with an increased risk of disability 
accrual in individuals with POMS.24,73 Individuals 
starting on a DMT later than 2 years after onset had a 
2.52-fold increased risk of reaching sustained EDSS 4 
compared to those starting within 2 years of onset.73 

The reduction of PIRA must be incorporated into the 
analysis of future POMS clinical trials. It is important to 
note that clinical trials typically have a two-year follow- 
up and assessing PIRA is particularly challenging when 
relying on the EDSS score. Therefore, identifying 
alternative markers of progressive disease, such as SELs 
and PRLs, is crucial in POMS. New therapies that more 
specifically target smouldering or trapped inflammation 
in MS are being developed including the Bruton’s 
tyrosine kinase inhibitor class74 and other therapies 
targeting activated microglia. Because individuals with 
POMS have a high relapse rate and a high rate of 
relapse associated worsening,75 therapeutic strategies 
must effectively address relapses as well as PIRA in our 
youngest individuals.

Conclusions
Individuals with POMS offer a unique lens to investi
gate smouldering disease processes contributing to 
disability accumulation. Insidious changes begin early 
and are often undetected by conventional MRI. 
Advanced imaging and fluid biomarkers hold promise 
for identifying early signs of smouldering disease and 
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guide therapeutic strategies. Although early HETs 
appear to mitigate PIRA risk, dedicated paediatric trials 
and biomarker-driven studies, including individuals 
with early POMS, are needed. A combined approach on 
early detection, precision diagnostics, and targeted 
therapies offers a path forward to reduce long-term 
disability and optimise outcomes in POMS.

Outstanding questions
• Can serum or cerebrospinal fluid biomarkers such 

as neurofilament light chain or glial fibrillary acidic 
protein associate with smouldering disease in chil
dren and adolescents with MS?

• What are the long-term implications of early 
smouldering pathology for cognitive and functional 
outcomes in individual with paediatric MS?

• Can paramagnetic rim lesions be measured in 
clinical practice, using appropriate MRI sequences?

• Research studies dedicated to evaluation of slowly 
expanding lesions over time are required to deter
mine whether SELs inform on long-term outcomes.

• Which therapeutic strategies are most effective in 
halting smouldering progression in POMS?
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