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Abstract | The role of MRI in the assessment of multiple sclerosis (MS) goes far beyond the diagnostic 
process. MRI techniques can be used as regular monitoring to help stage patients with MS and measure 
disease progression. MRI can also be used to measure lesion burden, thus providing useful information 
for the prediction of long-term disability. With the introduction of a new generation of immunomodulatory 
and/or immunosuppressive drugs for the treatment of MS, MRI also makes an important contribution to the 
monitoring of treatment, and can be used to determine baseline tissue damage and detect subsequent repair. 
This use of MRI can help predict treatment response and assess the efficacy and safety of new therapies. 
In the second part of the MAGNIMS (Magnetic Resonance Imaging in MS) network’s guidelines on the use of 
MRI in MS, we focus on the implementation of this technique in prognostic and monitoring tasks. We present 
recommendations on how and when to use MRI for disease monitoring, and discuss some promising MRI 
approaches that may be introduced into clinical practice in the near future.

Wattjes, M. P. et al. Nat. Rev. Neurol. advance online publication 15 September 2015; doi:10.1038/nrneurol.2015.157

Introduction
The valuable contribution of MRI to the diagnosis, and 
particularly the differential diagnosis, of multiple scler
osis (MS) has been highlighted in many review articles 
and position papers.1–3 Additionally, the use of MRI for 
MS diagnosis has accelerated since the introduction and 
subsequent revisions of the International Panel cri teria for 
the diagnosis of MS (also called the McDonald criteria).4–6 
Nonetheless, the use of MRI in followup monitoring of 
MS disease activity has been somewhat overlooked, despite 
the fact that this technique offers promising prospects for 
patient care.

The potential for MRI measures to facilitate the assess
ment and monitoring of treatment efficacy is well recog
nized. With the approval of a new generation of MS 
drugs, the applications of MRI in treatment monitoring 
have broadened beyond tracking of disease progres
sion to include detection of opportunistic infections and 
paradoxical reactions. The emerging pharmacological 
approaches that target pathogenetic pathways for prevent
ing MS progression (for example, by promoting remyelin
ation) will require new imaging approaches to monitor 
disease activity.7–9

In the second part of the MAGNIMS consensus guide
lines on the use of MRI in patients with MS, we focus 
on prognostic and monitoring applications. This report 

provides recommendations from an expert panel on how 
and when to use MRI for disease and treatment monitor
ing, how to establish prognosis, and how to assess the effi
cacy and safety of treatments. In addition, we discuss new, 
promising MRI techniques that might become  clinically 
relevant in the near future.

Methods
In June 2011, an international panel convened in Barcelona, 
Spain to discuss the use of MRI in patients with MS. This 
meeting was held under the auspices of MAGNIMS, an 
intellectually independent network of European clinical 
research groups that have an interest in the use of MRI to 
study patients with MS. The panel was composed of experts 
in the diagnosis and management of MS, and included 
neuroradiologists, neurologists and statisticians from nine 
MAGNIMSaffiliated institutions across six different coun
tries (Box 1). The panel met to present and discuss data 
from research published in English, and to consider the 
recommendations contained in previous papers related to 
the use of MRI in patients with MS.

After the meeting, the panel set out to create specific 
and uptodate recommendations for the implementation 
(planning, performance and interpretation) of brain and 
spinal cord MRI in the diagnostic process for patients with 
suspected MS.10 For this companion piece, the panel has 
established a similar set of recommendations on the use of 
MRI to monitor MS disease activity and establish disease 
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prognosis. During the 3 years after the meeting in Spain, 
the panel analysed relevant publications on the applica
tion of brain and spinal cord MRI for prognosti cation 
and for monitoring of disease activity and treatment effi
cacy. These guidelines were first drafted by the principal 
author, and were based on contributions from each panel
list, assigned according to their area of expertise. The first 
draft was then circulated to all members, who iteratively 
modified the document until a consensus agreement was 
reached on the final guidelines.

Prognostic value of baseline MRI
Conventional MRI measures, such as T2 lesion load, do 
not fully correlate with clinical measures of disability in 
patients with MS,11 but there is increasing evidence that 
certain imaging data obtained early in the disease course 
can serve as prognostic markers for disability accumula
tion at early and late followup.12 A large 20year followup 
study showed that the MRI T2 lesion load in patients with 
clinically isolated syndrome (CIS) was associated with the 
conversion rate to definite MS.13 In the same study, 79% 
of patients with CIS who had normal brain MRI findings 
at baseline did not convert to definite MS after 20 years 
of followup. A similar association was found in a large 
optic neuritis trial, demonstrating that high baseline lesion 
number is associated with an increased risk of converting 
to definite MS.14

The number of T2 lesions in patients with CIS has also 
been associated with disability accumulation, as meas
ured by the Expanded Disability Status Scale (EDSS).13 
However, subsequent research indicated that the topo
graphy of the lesions, in addition to the total number, 
has prognostic value in patients with CIS. Infratentorial 
lesions are of particular importance: the presence of at 
least one cerebellar lesion is related to an elevated con
version rate to definite MS, and the presence of at least 
one brainstem lesion is also associated with a higher risk 
of conversion, as well as increased disability accumula
tion.15 The relevance of infratentorial lesions in relation 
to clinical outcome was further underscored in a study 
showing that spinal cord lesions, infratentorial lesions 
and contrastenhancing lesions in patients with optic 
neuritis have predictive value for disability accumula
tion at 6year followup.16 Furthermore, the presence 
of at least two infratentorial lesions in patients present
ing with CIS seems to have high predictive value for 
 longterm disability.17

MRI monitoring of disease course
Several guidelines have tried to define the indications for 
and frequency of serial MRI in adults and children with 
an established diagnosis of MS.18–20 In general, the recom
mendation is that patients should be further evaluated 
with MRI after each unexpected clinical presentation that 
might be related to MS (such as unexplained or atypical 
symptoms of disease activity), or is not typical of MS (for 
example, suspected comorbidity such as vascular or neo
plastic disease, or adverse effects of treatments). Treated 
patients with MS are a heterogeneous population with 
different levels of disease activity and susceptibility to 
drugrelated adverse events. Followup MRI can reveal 
multiple measures of MS pathology, but the usefulness 
and reliability of these measures vary.

Focal lesions
Brain MRI is very sensitive for monitoring of disease 
activity and treatment efficacy in patients with MS, and 
parameters related to image acquisition (for example, 
pulse sequences, spatial resolution and MRI hardware) 
are relatively easy to standardize, particularly in a single
centre setting. MRI of the spinal cord is less sensitive 
than brain MRI for detecting disease activity, particu
larly with regard to contrastenhancing lesions.21,22 This 
limitation arises from the technical challenges of spinal 
cord MRI acquisition—relating mostly to image arte
facts associated with vascular and cerebrospinal fluid 
pulsation—and the difficulty of standardizing the assess
ment of lesion count and lesion volume. In addition, 
most spinal cord lesions are clinically symptomatic, and 
a strong relationship exists between the development of 
new lesions in the brain and the development of new 
lesions in the spinal cord.23 Taken together, these issues 
indicate that serial spinal cord imaging for the detection 
of new focal lesions might add little to brain imaging for 
monitoring of disease activity and progression. Thus, the 
relevance of spinal cord imaging for routine followup 
seems rather limited.

Box 1 | The MAGNIMS network
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Ideally, brain MRI should be performed on the same 
MRI system and using the same imaging protocol—that 
is, the same pulse sequences and spatial resolution—as the 
reference (baseline) scan. Contrastenhanced T1weighted 
sequences are recommended to detect acute inflammation. 
However, depending on the clinical situation and the scan 
interval, demonstration of active (new or enlarging) T2 
lesions can deliver sufficient information about sub clinical 
disease activity and disease progression (Figure 1).24,25 In 
addition to contrastenhancing and active T2 lesions to 
measure acute MSrelated inflammation, several MRI 
markers of focal neurodegeneration should be considered, 
such as chronic T1 hypointense lesions (‘black holes’) that 
persist longer than 6 months.26–29 This imaging finding 
may hold promise for predicting disability progression 
and monitoring remyelination, and represents a possible 
new outcome marker for MS therapies.30,31

Global brain volume changes
The pathological hallmark of MS is the presence of multi
ple focal demyelinating lesions in the cerebral white and 
grey matter, but substantial brain atrophy can also occur.32 
Over the past few years, several studies have used MRI
derived methods to assess brain volume changes, revealing 
that atrophy can be present even in the early stages of MS, 
and that it advances over the disease course (Figure 2).33,34 
Generally speaking, brain volume changes can be an 
important measure of tissue damage in patients with MS.32 
Indeed, baseline atrophy and high rates of subsequent 
volume loss are associated with cognitive impairment, 
fatigue and disability progression over the long term.32,35–41

In a complex disease such as MS, brain volume loss 
results from the sum of and interactions between various 
destructive pathological processes,42 including irrever
sible demyelination, and axonal and/or neuronal loss. 
The neurodegenerative pathology that occurs in MS 
is an important target for treatment; thus, MRI brain 
volume measures have been used in randomized clinical 
trials to monitor the effects of diseasemodifying thera
pies on these parameters.26,32 In a recent metaanalysis 
of clinical trials, the overall effect of treatments on brain 
atrophy correlated with the effect on disability.43 In many 
trials, however, diseasemodifying drugs (DMDs) have 

produced only moderate evidence of a reduction in brain 
volume loss. Indeed, anti inflammatory drugs have been 
shown to excessively decrease brain volume within the first 
6 months to 1 year of treatment, followed by stabil ization 
during the second year of treatment.41 This phenomenon 
is called pseudo atrophy, and it seems to be directly associ
ated with the resolution of ongoing white matter inflam
mation induced at the time of treatment initiation.32,44–47 
To identify pseudo atrophy during a clinical trial, brain 
volume should be measured every 3–6 months.25

In addition to diseasespecific changes, lifestylerelated 
factors (including alcohol consumption, smoking, dehy
dration and BMI), genetics (such as the presence of an 
APOE*ε4 allele), and concomitant pathophysio logical 
conditions (such as diabetes and/or other cardio vascular 
risk factors) can affect brain volume. Clinical interpre
tation of brain volume loss in patients with MS can be 
difficult in the context of these other factors.48 Moreover, 
differences in the quality and capabilities of MRI hard
ware, and in the software packages used for analysis or 
processing, can generate notable variability in brain 
atrophy assessments.32,49

For the above reasons, caution must be exercised when 
interpreting apparent changes in the rate of brain volume 
loss. We believe that the use of longitudinal brain 
volume assessment as a marker of disease progression in 
individual patients cannot be considered to be reli able at 
present. Further studies are needed to establish norma
tive values for brain volume changes—both in healthy 
indivi duals and in patients with MS—that take the various 
potential confounding factors into account.

The role of advanced and quantitative MRI
Quantitative MRI techniques, including magneti
zation transfer50 and diffusion tensor imaging (DTI),51 
can measure the extent of structural changes that occur 
within and outside focal lesions in white and grey matter. 
Moreover, these techniques can characterize the patho
logical nature of these changes, as has been shown by 
 correlative histopathological–MRI studies.

The magnetization transfer ratio provides a quantitative 
estimate of the capacity of protons that are bound to the 
brain tissue matrix to exchange magnetization with the 
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Figure 1 | Serial MRI in a patient with relapsing–remitting multiple sclerosis. Proton-density weighted MRI scans obtained 
at a | baseline, and b | 1 year, c | 2 years and d | 3 years later. Disease progression can clearly be seen in the form of new 
and enlarging focal lesions over time, shown here as hyperintensities (white spots).
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surrounding free water. Decreases in the magnetization 
transfer ratio have been shown to correlate with the degree 
of myelin loss and axonal damage in patients with MS.52,53

DTI is sensitive to the orientation and density of cellu
lar structures that hinder water diffusion. The local 
tissue microstructure is evaluated with several indices, 
inclu ding mean diffusivity and fractional anisotropy, 
which correlate with myelin content, tissue integrity and 
axonal loss.54 Proton magnetic resonance spectroscopy 
(1HMRS) can add information on the biochemical nature 
of MSrelated abnormalities, by quantifying several CNS 
metabolites.55 T2 hypointense areas and reduced T2* 
relaxation time (or its reciprocal R2*) are thought to be 
associated with iron deposition, which is believed to be a 
sign of neurodegeneration in patients with MS.56

Application of these techniques to characterize the 
extent and distribution of MSrelated damage within focal 
lesions or in normalappearing white and grey matter has 
shown that tissue disruption in patients with progressive 
disease is more severe and more widely distributed than in 
patients with relapsing forms of MS.57 Additionally, struc
tural CNS damage has been shown to progress at different 
rates across the major clinical pheno types of MS. Global 
and regional quantitative MRI abnormalities corre late 
with the severity of clinical and cognitive impairment, 
and advanced and quantitative MRI techniques seem 
to be useful for predicting subsequent accumulation of 
clinical disability and cognitive impairment.57,58

Quantitative MRI techniques might enable measure
ment and monitoring of diseaserelated mechanisms 
that occur before the development of atrophy, which 
primarily occurs in the late stages of MS. To date, very 
few clin ical trials have included these metrics as outcome 
meas ures.59–62 One method that was developed to monitor 
changes in the magnetization transfer ratio in individual 
lesion voxels revealed evidence consistent with demye
lination and remyelination within the same lesion. Of 
note, signs of remyelination were still present in some 
lesions 3 years after their formation.63 The potential 
of quantitative MRI methods was demonstrated in a 
singlecentre clinical trial that used magnetization trans
fer MRI, which suggested that alemtuzumab protects 
against grey matter damage.64 A recent combined mag
netization transfer MRI and 1HMRS study showed that 
patients treated with laquinimod tend to accumulate less 

micro scopic white and grey matter damage than those 
receiving placebo.65

Despite these promising results, the actual contribu
tion of advanced MRI techniques to clinical management 
has not been fully validated, especially in a longitudinal 
manner. Furthermore, their use for monitoring treat
ment effects is hampered by a lack of standardization 
between centres.58

Statements and recommendations
 ■ T2weighted and contrastenhanced T1weighted 
brain MRI are the modalities of choice for MS disease 
monitoring, revealing acute and active inflammation, 
and clinically silent disease progression24,25

 ■ The use of spinal cord MRI in addition to brain MRI 
is not recommended for routine monitoring (in 
contrast to MS diagnosis), and should be limited to 
certain clinical situations (such as unexplained and/or 
unexpected spinal cord symptoms)21–23

 ■ Assessment of brain volume does not have a role 
in the diagnostic process of MS, but can be a good 
 predictor of longterm disability32

 ■ Measures of brain volume can be used in clinical 
studies and as end points in clinical trials, but con
founding factors and pseudoatrophy should be taken 
into account44–47

 ■ Rates of change in brain volume are not recom
mended as a marker of disease progression in indivi
dual patients, owing to the technical, bio logical 
and pharmacological factors that can influence the 
 measurement and interpretation of atrophy rate48

 ■ The use of advanced MRI methods for MS disease 
monitoring is promising but has not been well investi
gated; their value is potentially limited by a lack of 
standardization, and advanced MRI is, therefore, not 
recommended for routine clinical use57

Evaluating response to treatment
Patients with MS who continue to experience clinical 
and/or MRIvisible disease activity despite treatment 
with DMDs are categorized as ‘nonresponders’.66–69 Early 
identi fication of nonresponders to firstline therapies 
would enable a prompt switch to a more effective treat
ment,70 but predicting which individual patients will 
respond to DMDs, and to what degree, is challenging.

Nature Reviews | Neurology
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Figure 2 | Serial T1-weighted MRI scans in a patient with multiple sclerosis. a | Baseline scan. b–d | Regular scans over a 
6-year follow-up period. Disease progression can be seen in the form of the increasing size of ventricular and subarachnoid 
spaces. These changes reflect brain volume loss over time, indicating progressive neurodegeneration.
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Early prediction
Some evidence suggests that certain baseline demo
graphic variables (for example, age at treatment initi
ation), clinical factors (including disease duration at 
treatment initiation and pretreatment relapse rate) and 
MRI measures related to disease activity (such as base
line lesion load) can help to indicate which patients will 
benefit most from a firstline DMD, and who will have a 
poor response.66,71–74 However, the relevant studies mainly 
analysed cohorts receiving different IFNβ formulations, 
produced preliminary or inconsistent results, and have 
failed to satisfactorily predict treatment response in 
clinical practice.70 Other MRIderived metrics—such as 
global or regional brain volume, or the number of spinal 
cord lesions—have shown value for predicting relapses 
or disability progression,35–37,39,75–77 but have not been 
specifically analysed for treatment response predictions. 
Therefore, the use of these measures at baseline and 
over followup is still not recommended for predicting 
 treatment response in clinical practice.

Another approach to the prediction of treatment 
response is to analyse variables measured after the start 
of treatment, but before the actual clinical end point of 
interest. Several studies have attempted to define criteria 
and strategies for the early identification of suboptimal 
response in individual patients via a combination of clin
ical and MRI measures during the first 6–12 months after 
treatment initiation.67,78–82 These criteria are partially or 
completely based on the detection of disease activity in 
followup brain MRI scans, defined as new gadolinium
enhancing lesions or new and/or enlarging T2 lesions 
compared with baseline scans.

These two measures have relevant differences. 
Contrastenhancing lesions are considered to be a marker 
of blood–brain barrier disruption, which has been associ
ated with inflammation in patients with MS. New T2 
lesions simply reflect the permanent footprint from a 
previous focal inflammatory lesion that developed in the 
interval between two scans. Thus, we should consider two 
important factors when interpreting the finding of new 
T2 lesions: the time point when the reference (pretreat
ment) scan was performed, and the mechanism of action 
of the drug being evaluated. In clinical practice, baseline 
scans are commonly obtained before treatment initiation, 
but the time gap between baseline and followup might 

not be taken into consideration. Furthermore, some 
drugs, such as glatiramer acetate, require up to 6 months 
to become effective.81,83 Therefore, the presence of new 
T2 lesions on a 6–12month followup scan does not 
neces sarily reflect suboptimal response; it could simply 
be ongoing disease activity during the period before treat
ment was initiated or before the drug became effective.84,85 
Accordingly, some experts have proposed that the refer
ence scan should be performed 6 months after—rather 
than before—treatment initiation.81,86

Follow-up measurement
Gadoliniumenhancing lesions are typically easier 
to identify than new and/or enlarged T2 lesions, and 
the process is also less dependent on technical factors 
such as scan repositioning. Furthermore, some new T2 
lesions can only be visually detected after being identi
fied as new gadoliniumenhancing lesions, owing to 
their small size or their location in areas with confluent 
lesions.87 Nonetheless, recognition of disease activity 
cannot rely exclusively on gadoliniumenhancing lesions. 
New inflammatory lesions take up gadolinium for only 
around 3 weeks after development,88 and the recom
mended interval between baseline and followup scans 
is typically 3–6 months. Therefore, contrastenhancing 
lesions are not sufficiently sensitive to act as sole  measures 
of disease activity.

Detection of active T2 lesions can be hindered by multi
ple factors, including a high load of inactive T2 lesions, 
inadequate repositioning of serial scans, and inter observer 
variability.89 Image subtraction can overcome these issues, 
thus providing good visualization and quanti fication of 
active and negatively active (that is, shrunken or resolved) 
T2 lesions (Figure 3).90 However, subtraction requires 
timeconsuming postprocessing steps, and is susceptible 
to artefacts. Longinterval T2weighted sequences can be 
processed with automated subtraction, which has been 
used in a multicentre trial to provide greater power for 
assessing treatment efficacy than is possible with monthly 
contrastenhanced T1weighted imaging.90,91 Application 
of automated subtraction in treatment trials or for treat
ment monitoring can improve costeffectiveness and 
lower the risk of adverse effects associated with repeated 
contrast administration. Recent data have shown that 
automated identification of new and/or enlarged T2 
lesions is robust, accurate and sensitive, thus supporting 
its use for evaluating treatment efficacy in clinical trials.92

Nonetheless, additional work is needed before these 
methods can be incorporated into clinical practice to 
assess MS activity. Proposed scoring methods to identify 
patients with a suboptimal treatment response on the 
basis of combined clinical and radiological measures at 
followup have shown considerable variation (Table 1). 
Moreover, these criteria have been developed almost 
exclusively in patients receiving different formulations of 
IFNβ; few data are available from patients undergoing 
treatment with other DMDs in clinical practice. Future 
MRI criteria for predicting treatment response should 
incorporate new imaging measures (for example, brain 
atrophy or spinal cord pathology), genetic factors and 

Nature Reviews | Neurology
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Figure 3 | Subtraction MRI in a patient with relapsing–remitting multiple sclerosis. 
T2 fluid-attenuated inversion recovery (FLAIR) images a | at baseline and b | after 
1 year. c | A subtraction of these two images highlights the new and enlarging 
lesions (arrows).
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laboratory biomarkers to enrich the predictive power for 
treatment response in individual patients, and should be 
validated in patients receiving DMDs other than IFNβ.

Statements and recommendations
 ■ Baseline (pretreatment) brain MRI measures do not 

satisfactorily predict treatment response in clinical 
practice,70 but scans within the first few months of 
treatment initiation can predict treatment response in 
patients receiving firstline DMDs67,79–82

 ■ Followup brain MRI, including T2weighted and 
contrastenhanced T1weighted sequences, should 
be performed 12 months after starting treatment and 
compared with a reference scan obtained after the 
treatment has taken effect69

 ■ Timing of this reference scan should consider the 
precise time that treatment was started and the drug’s 
mechanism of action; scans at 6 months after the start 
of treatment should be considered69

 ■ New T2 lesion count requires highquality, comparable 
MRI scans, and must be interpreted by highly qualified, 
trained readers to minimize observer variability89

 ■ MRI subtraction facilitates recognition of changes in 
focal lesions over time, thereby increasing the power 
of serial imaging91

 ■ Automated subtraction improves accuracy and 
sensitivity for identifying new and/or enlarged T2 
lesions, although validation studies and technical 
improvements are required before this strategy can be 
incorporated into clinical practice92

 ■ The available data do not suffice to support the use of 
brain volume or spinal cord measures for predicting 
treatment response in individual patients

Detection of adverse effects
The role of MRI in MS drug surveillance is becoming more 
important as the new generation of immuno modulatory 

and immunosuppressive drugs enter more widespread 
use. In general, MRI has three major tasks in this context: 
detection of persistent disease activity, comorbid ities (such 
as vascular or neoplastic disorders) and adverse effects 
(including opportunistic infections).7,93

The crucial role of MRI in pharmacovigilance is made 
evident by the case of natalizumab, a recombinant human
ized monoclonal antibody against α4integrin.94 This 
treatment for MS is highly effective, but is associated with 
progressive multifocal leukoencephalopathy (PML), a 
potentially lifethreatening adverse effect. Imaging find
ings of natalizumabassociated PML are heterogeneous 
and can, therefore, be difficult to interpret. However, 
experienced readers who are fully informed of patient 
backgrounds can reliably detect natalizumabassociated 
PML via MRI,95–97 even before patients manifest symp
toms.98 Detection of PML lesions at this asymptomatic or 
presymptomatic stage is associated with improved survival 
and functional outcome.99

Up to now, there have been no strict guidelines on 
how and when to perform MRI for safety monitoring in 
natalizumabtreated patients with MS. Factors such as 
lengthy treatment duration, past use of other immuno
suppressive drugs, and the presence (and levels) of anti
bodies against the JC virus (JCV) have been associated 
with an increased risk of PML in these patients.100–103 
Therefore, the frequency of MRI scanning should be 
adjusted according to the individual’s risk of PML.

Substantial evidence indicates that T2FLAIR (fluid
attenuated inversion recovery) is the most sensitive 
sequence for detecting PML.104 Diffusionweighted 
imaging is highly sensitive for depicting acute demyelin
ation, and can also aid differentiation of acute PML lesions 
from chronic and subacute demyelinating MS lesions.104 
Therefore, frequent MRI scanning using T2FLAIR 
and diffusionweighted sequences in combination with 
conventional T2weighted images is recommended 
for screening patients at high risk of developing PML. 
In patients with MRI lesions suggestive of PML, the 
MRI protocol should be extended to include contrast
enhanced T1weighted imaging to detect inflammatory 
features and the possible coincidence of PML and PML
immune reconstitution inflammatory syndrome (IRIS), 
particularly during followup.95,105

MRIbased monitoring for early PML detection is 
appropriate not only for patients taking natalizumab, 
but also for other DMDs, including alemtuzumab,106 
 rituximab107 and dimethyl fumarate.108–110

The value of MRI for treatment monitoring goes beyond 
PML detection. Other opportunistic infections leading to 
encephalitis (such as varicella zoster) can also develop in 
patients with MS, as has been shown during or after treat
ment with fingolimod, a sphingosine1 phosphate receptor 
modulator approved for MS treatment.111–114 In addition, 
serious paradoxical reactions, such as tumefactive demye
lination or overwhelming inflammatory  demyelination, 
can occur during fingolimod treatment.115,116

Given the growing number of immunosuppressive 
and immunomodulatory treatments for MS, MRIbased 
safety monitoring will become increasingly complex, as 

Table 1 | MRI criteria for predicting treatment response

Criteria Outcome measure Results

Three or more active lesions 
in 1 year134

Disability progression over 
3 years

OR 8.3
71% sensitivity
71% specificity

Three or more active lesions plus 
one or more relapse or ≥1 point 
confirmed EDSS score increase 
in 1 year67

Relapse rates and/or disability 
progression over 3 years

OR 3.3–9.8 
for relapses
OR 6.5–7.1 
for progression

Modified Rio Score ≥2 and more 
than five new T2 lesions plus one 
relapse; or more than one relapse79

Relapse rates and/or disability 
progression over 4 years

24% sensitivity
97% specificity

One or more relapse and nine or 
more T2 lesions or a minimum of 
one CEL80

Relapse rates and/or disability 
progression over 4 years

34% sensitivity
90% specificity

One or more relapse, or at least 
one CEL80

Relapse rates and/or disability 
progression over 4 years

68% sensitivity
80% specificity

One or more CELs, or at least two 
new T2 lesions80

Relapse rates and/or disability 
progression over 4 years

61% sensitivity
83% specificity

All patients in these observational studies had relapsing–remitting multiple sclerosis treated with a 
formulation of IFN-β. Odds ratios refer to the probability that patients meeting the criteria will demonstrate the 
outcome measure, relative to patients who do not meet the criteria. Abbreviations: CEL, contrast-enhancing 
lesion; EDSS, Expanded Disability Status Scale.
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well as more valuable. An example of this complexity can 
be seen in patients treated with natalizumab who switch 
to different drugs, such as fingolimod or alemtuzumab, 
owing to drug safety concerns. Evidence is accumu
lating that drugrelated adverse effects can occur at the 
time an MS treatment is discontinued or even several 
months after a new treatment is started (socalled ‘carry
over opportunistic infections’).117–119 Therefore, strict 
pharmaco vigilance, including frequent MRI scanning, 
should be performed in patients who switch therapies, 
so as to detect resurgent MS disease activity and adverse 
effects such as opportunistic infections.

Statements and recommendations
 ■ MRI should be included in drug surveillance pro

grammes to screen for opportunistic infections,103,114 
unexpected disease activity (including paradoxical 
reactions),82,115,116 and comorbidities7,93

 ■ For natalizumabtreated patients with MS who are at 
high risk of PML (JCV seropositive, treatment dura
tion ≥18 months), we recommend brain MRI screen
ing every 3–4 months using an MRI protocol that 
includes FLAIR, T2weighted and  diffusionweighted 
imaging95–99,101,104

 ■ In patients at low risk of PML (JCV seronegative), we 
recommend brain MRI assessment once a year using 
the same MRI protocol95–99,101,104

 ■ In patients at high risk of developing opportunis
tic infections who are switching DMDs, we reco
mmend brain MRI at the time that the current 
treatment is discontinued and after the new treatment 
is started117–119

 ■ Enhanced pharmacovigilance, including brain MRI 
every 3–4 months for up to 12 months, is required in 

patients who switch from natalizumab to other thera
peutics (including fingolimod, alemtuzumab and 
dimethyl fumarate)117–119

Standardized follow-up MRI protocol
The use of MRI in the routine followup of patients with 
MS is less straightforward than in the diagnostic process, 
owing largely to the experimental nature of many of the 
techniques that have been used to measure disease pro
gression. Here, we present a brief recommendation for 
a standard approach to patient monitoring, which is 
based on MRI techniques that have high clinical rele
vance (Box 2). These guidelines will require revisions as 
the use of advanced MRI techniques increases, and the 
availability of highfieldstrength MRI widens.

Although followup MRI scans should be as consistent as 
possible with baseline or reference scans, fewer sequences 
are necessary than we have recommended for diagnosis.10 
The specific followup protocol strongly depends on the 
purpose of the scan (for example, treatment efficacy moni
toring versus PML screening). To detect new or enlarging 
lesions, protondensity and/or T2FLAIR and T2weighted 
fast or turbo spinecho sequences should be used. A 
gadoliniumenhanced T1weighted sequence can increase 
confidence in the detection of lesions with high inflamma
tory activity. As with diagnostic scans, the delay between 
contrast adminstration and T1 acquisition—a minimum 
of 5 min—can provide an opportunity to perform proton 
densityweighted, T2weighted and/or T2FLAIR after 
contrast administration and before the T1 postcontrast 
acquisition. This approach optimizes the total scanning 
time. Diffusionweighted scans should also be considered 
in patients at risk of PML.

Followup MRI should be conducted at least once every 
year in patients with MS, but patients at risk of serious 
treatmentrelated adverse events may need to be moni
tored more frequently, for example, every 3–4 months. 
Accurate positioning of followup and reference scans is 
essential for the accurate assessment of changes in lesion 
size and number over time. Algorithms that automatically 
position serial MRI scans are currently difficult to imple
ment in routine clinical use, but might be useful in the 
near future.

All scans should be performed at a field strength of at 
least 1.5 T, though higher field strengths might reveal more 
new lesions. For 2D sequences, slice thickness should 
be no more than 3 mm with an inplane spatial resolu
tion of 1 × 1 mm (voxel size 3 × 1 × 1 mm). Voxels in 3D 
sequences should be 1 mm3. Further technical details for 
the above sequences can be found in the first part of our 
consensus guidelines.10

Statements and recommendations
 ■ Followup MRI scans typically require fewer sequences 

per session than do diagnostic scans, and can be 
completed in 20–25 min

 ■ Routine monitoring should be conducted every 
3–12 months, depending on patient characteris
tics such as disease duration, comorbidities and 
current treatment

Box 2 | Protocol for follow-up MRI in patients with MS

Regular brain MRI scans are essential for monitoring disease progression in 
patients with MS, but—in contrast to the diagnosis of MS—spinal imaging is 
not necessary for most patients. The frequency and make-up of each follow-up 
is determined by the needs of the individual patient.

Recommendations for routine follow-up
 ■ Contrast-enhanced T1-weighted scans and T2-weighted scans can reveal 

inflammation and the development of new and/or enlarging lesions
 ■ MRI subtraction techniques can facilitate the detection of new lesions across 

serial scans, but automated subtraction should be used with caution
 ■ T2-weighted images, T2 fluid-attenuated inversion recovery (FLAIR) and 

diffusion-weighted imaging should also be used in patients at risk of serious 
treatment-related adverse effects, such as PML

 ■ Follow-up scans should be conducted at least annually, and as often as every 
3–4 months in patients who require enhanced pharmacovigilance

Recommendations for further clinical study
 ■ Changes in total brain, grey matter and/or white matter volumes can predict 

disability, but these measures are difficult to obtain and interpret in the routine 
clinical setting, which limits their clinical relevance to standard patient care

 ■ Magnetization transfer imaging, diffusion tensor imaging and proton magnetic 
resonance spectroscopy show promise for uncovering the mechanisms of MS 
pathogenesis, but these findings require further validation to confirm their 
clinical value

 ■ As the availability of new MRI hardware (for example, 7 T MRI) increases, 
scanning protocols may need to be updated

Abbreviations: MS, multiple sclerosis; PML, progressive multifocal leukoencephalopathy.
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 ■ Several advanced techniques show promise for investi
gating MS pathology, and may need to be  incorporated 
into future protocols

Future perspectives
The role of MRI in MS disease monitoring is gaining 
research interest as well as clinical importance. Treatment 
options and strategies for patients with MS are dynam
ically moving towards an individualized approach that 
includes conventional targets—immune modulation and 
immune suppression—and new targets such as neuro
protection and remyelination.26,31,120 Therefore, we will 
need new MRI biomarkers that focus on additional and 
alternative aspects of MS pathology.

A promising source for a new biomarker is grey matter 
pathology, as correlations between cortical lesions and 
important clinical outcome measures, such as cogni
tion, are stronger when grey matter and white matter 
are evaluated jointly.121–126 Several MRI techniques, 
including double inversion recovery and phasesensitive 
inversion recovery, have been used to detect, score and 
interpret cortical grey matter lesions, but these applica
tions lack standardization.127–129 Advanced, quanti tative 
imaging techniques may also acquire a central role 
for evaluating the course of MS pathology in the near 
future. Standardization of these methods, particularly in 
 multicentre settings, will be a challenge.

The use of MRI in the context of disease and treat
ment monitoring might benefit from a paradigm shift 
away from focal inflammatory lesions and wholebrain 
atrophy and towards certain clinically relevant anatom
ical structures, such as the thalamus, cortical grey matter 
and upper cervical spinal cord.58,65,130 This shift will require 
greater implementation of newgeneration highfield 
MRI systems for the detection and quantification of MS 
pathology, which have been investigated in relation to the 
diagnosis and differential diagnosis of MS.131–133 Whether 
highfield MRI technology might also be of value for 

MS disease monitoring must be further evaluated, but 
it seems likely that these techniques, along with the new 
MRI markers they reveal, will have an important impact 
on MS disease monitoring in the future.

Future needs and recommendations
 ■ Future research must identify new MRI markers of 

neuroinflammation and neuroprotection, particu
larly in the context of grey matter pathology (cortical 
and deep grey matter structures), remyelination and 
 neuronal repair

 ■ These new markers might require nextgeneration 
MRI technology, including new advanced pulse 
sequences, and enhanced hardware, such as new coils, 
multitransmit techniques and ultrahigh field strengths

 ■ Increased efforts are needed to implement and har
monize various advanced MRI techniques, and to 
standardize the acquisition and interpretation of MRI 
in patients with MS

 ■ Systematic research is needed to assess the added 
value of alternative versus standard pulse sequences, 
MRI subtraction techniques and serial MRI scanning 
for disease and safety monitoring (including the most 
costeffective followup frequency)

Conclusions
This Expert Consensus Document discusses the contribu
tion of MRI to the monitoring of MS disease and treat
ment. The guidelines and recommendations provided are 
intended to aid decisionmaking regarding the MRI pro
tocol and timing of followup scans, and the use of addi
tional MRI techniques for prognostication and monitoring 
of patients with MS. Although this paper is based on the 
most recent data and our extensive clinical experience 
with MS treatments, we note that care for patients with 
MS is constantly influenced by new treatment strategies 
and new imaging approaches. Therefore, these guidelines 
should be periodically updated.
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