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“If you can't explain it simply,  

you don't understand it well enough.”

Albert Einstein



CHAPTER 1
General introduction: 

The role of imaging in 

multiple sclerosis diagnosis  

and pharmacovigilance
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1
Etiology and clinical presentation of multiple sclerosis

Multiple sclerosis (MS) is the most frequent inflammatory demyelinating disease of the  
central nervous system (CNS) in young adults leading to long-term (chronic) disability.1 MS is  
classified as an idiopathic inflammatory demyelinating disease since the exact cause is still 
unknown. The current concept of MS pathogenesis is based on the well acknowledged  
assumption that a combination and interaction of environmental exposure and genetic  
factors contribute to its pathogenesis.1,2 The clinical course of MS is rather heterogeneous on 
a group level. In the vast majority of patients, MS starts with a first clinical event (clinically  
isolated syndrome) such as optic neuritis, brainstem syndrome or spinal cord syndrome with a full  
recovery. Most patients suffer from additional clinical demyelinating attacks and convert to 
the relapsing remitting form of multiple sclerosis (RRMS). Approximately 80% of the adult 
MS population and almost all pediatric MS patients initially have the RRMS course of MS.  
At later disease stages, the RRMS patients do not completely recover from the clinical relapses 
anymore and show a continuous accumulation of clinical disability (physically and cognitively), 
then termed secondary progressive disease course (SPMS). 10-20% of MS patients show a  
progressive worsening of clinical symptoms right from the beginning without any transient 
clinical relapses, and are classified as primary progressive MS (PPMS).3 

The role of MRI in the diagnosis and differential diagnosis of multiple sclerosis

MRI is the most sensitive diagnostic method for the demonstration of focal demyelinating  
inflammatory lesions in the CNS.4 In particular, brain MRI can show focal demyelinating  
inflammatory lesions suggestive of MS before clinical symptoms occur coining the term  
“radiologically isolated syndrome” (Figure 1).5 Consistent with histopathological studies  
describing MS to be characterized by perivascular (perivenous) inflammation, MS brain  
lesions on MRI follow a perivenous distribution pattern particularly involving certain anatomic  
locations such as the periventricular, juxtacortical (including the U-fibers) and infratentorial 
white matter.6,7 In addition to the brain, MS pathology frequently affects the spinal cord.  
Most of the spinal cord lesions affect the cervical spinal cord region and present as focal  
demyelination lesions that may become confluent at later disease stages.8 MS has initially been 
considered as an inflammatory demyelinating disease of the white matter only. However,  
histopathological and subsequent imaging studies have conclusively demonstrated that the grey 
matter structures (e.g., cortical grey matter, deep grey matter) are also affected early in the  
disease course, leading to visible neurodegenerative changes (e.g. atrophy) in later disease  
stages on MRI (Figure 1).9-11

General introduction  | 
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Figure 1. The current concept of the role of MRI in the diagnosis and monitoring of multiple sclerosis in addition to the clinical  
presentation. RIS=radiologically isolated syndrome, CIS=clinically isolated syndrome, RRMS=relapsing remitting multiple sclerosis, 
SPMS=secondary progressive multiple sclerosis. (Figure adapted and modified from Wattjes MP et al. Clin Neuroradiol 2015; 25 Suppl 
2: 157-165). 

The incorporation of MRI in the diagnostic work-up of patients presenting with clinical  
symptoms became increasingly important in the late 80s and early 90s, but MRI did not  
become part of the MS diagnostic criteria for many years. Historically, Schumacher and  
colleagues established a standardized work-up scheme for MS in 1965, followed by the  
Poser MS diagnostic criteria in 1983.12,13 These criteria were mainly based on the clinical 
presentation and laboratory findings (e.g., cerebrospinal fluid [CSF]). With the new era of the 
McDonald criteria (International Panel criteria) starting in 2001 followed by the subsequent 
revisions in 2005, 2010 and 2017, magnetic resonance imaging (MRI) findings in the brain and 
the spinal cord became crucial for the diagnosis of MS.14-16 Throughout the years, the basic 
principles of MS diagnostic criteria remained the same: the demonstration of MS disease/lesion 
dissemination in space (DIS) and in time (DIT). In contrast to prior diagnostic criteria requiring 
a baseline assessment and follow-up (clinical presentation and/or MRI) for the demonstration 
of DIT, the 2010 revisions of the McDonald criteria deviated from this principle for the first 
time. Since then, to establish DIT and DIS, and therefore to diagnose MS, one baseline MRI 
in patients presenting with CIS can suffice.16 This has been even more simplified with the 
2017 revisions of the McDonald criteria in which the differentiation between symptomatic  
and asymptomatic MS lesions for DIS and DIT is not required anymore (Box 1).17 A key  
pre-requisite for this diagnosis of course is that symptoms and MRI findings are not better  
explained by another disease, warranting differential diagnostic work-up.

 BOX 1: 2017 revisions of the International Panel (McDonald) criteria17

 Dissemination in space (DIS)  ≥ 1 T2 lesion in at least 2 of 4 areas of the CNS: 
  • Periventricular
  • (Juxta)cortical* 
  • Infratentorial 
  • Spinal cord
 Dissemination in time (DIT)  • A new T2 and/or gadolinium-enhancing lesion(s) on follow-up MRI, 
   with reference to a baseline scan, irrespective of the timing of baseline MRI 
  • Simultaneous presence of gadolinium and non-enhancing lesions at any time
  • A new clinical relapse
  • Demonstration of CSF specific oligoclonal bands

 * No differentiation between juxtacortical and cortical grey matter lesions

|  Chapter 1
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One major point of criticism is that the 2010 and 2017 revised criteria may be too liberal,  
potentially leading to an increased number of false positive cases. In fact, the spectrum of  
differential diagnose mimicking MS clinically and/or radiologically is broad and  
heterogeneous, including inflammatory, infectious, vascular and neoplastic diseases (Box 2).18

 

 BOX 2: Spectrum of important differential diagnoses of multiples sclerosis

 Neuroinflammation   Susac’s syndrome
  Behçet
  Sarcoidosis
  Systemic lupus erythematosus
  Antiphospholipid-anibody syndrome
  Neuromyelitis optica 
 Neuroinfection  HIV (encephalopathy, myelopathy)
  HLTV-1associated myelopathy
  Lyme disease
  Eales’ disease
  Meningovascular syphilis
  Opportunistic infections (e.g., PML)
 Vascular diseases  Ischemic small vessel disease
  CADASIL
  Dural arterio-venous fistula
  CNS vasculitis
  Cavernous hemangioma
  Brain capillary telangiectasia
 Neoplastic diseases  CNS lymphoma
  Harmatoma
  Glial cell tumor
  Brain metastasis
 Metabolic/genetic disorders  Vitamin deficiencies (e.g., B12, B6)
  Leukodystrophies
  Mitochondrial diseases

MRI of the brain and the spinal cord can be very helpful in differentiating MS from other  
mimicking diseases. The earlier described anatomic locations in which MS lesions are  
frequently located and the characteristic perivascular distribution pattern of MS lesions are key 
MRI features for these purposes.7,19-21 In addition, the demonstration of spinal cord lesions can 
aid differentiating MS from vascular pathology (e.g., ischemic small vessel disease).22 The 
correct performance of MRI reading and interpretation with respect to lesion differentiation and 
the exclusion of MS differential diagnoses can aid the correct diagnosis and the prevention of 
false positively diagnosed MS cases. 

In current therapeutic regimens for MS (next paragraph), early start of efficient therapy is  
generally accepted, as the early inflammatory phase – prior to secondary axonal degeneration – 
is considered more susceptible to immune therapy. While the armamentarium to combat MS 
relapses and disease progression is growing, and this is generally perceived as beneficial for the 
patients, immune suppressive and cell-depleting principles can also have a number of adverse 
effects. These treatments are associated with, for example, risk for infectious, secondary  
autoimmune or malignant complications. As such, not only high sensitivity, but also a  
maximum of diagnostic specificity is desirable in MS, a disease that affects young individuals, 
often of childbearing potential. False positive MS diagnoses thus needs to be avoided.  
A prerequisite to ensure high diagnostic specificity are the implementation of consensus criteria 
for imaging standardization, acquisition and reading.6,23 A recently suggested standardized  
MRI protocol of the brain and the spinal cord is presented in Box 3 and in Figure 2 and 3.

General introduction  | 
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 BOX 3: Standardized MRI protocol for the diagnosis of multiple sclerosis

 Brain (≥1.5T, preferably 3T)    Mandatory
  Axial 2D PD/T2-weighted (fast/turbo) spin echo
  Sagittal FLAIR (preferably 3D)
  Axial T1 postcontrast (fast/turbo) spin echo
  Optional
  Double inversion recovery (preferably 3D)
  3D T1-weighted gradient echo
  Quantitative MRI techniques 
 Spinal cord (1.5T or 3T) Mandatory
  Sagittal 2D PD/T2-weighted (fast/turbo) spin echo
  Sagittal T1 postcontrast (fast/turbo) spin echo
  Optional
  Sagittal 2D STIR (as an alternative to proton-density-weighted)
  Axial imaging: 2D T2 and/or contrast-enhanced T1-weighted*

 * macrocyclic, single dose (0.1 mmol/kg body weight)   
 T=Tesla, D=dimensional, PD=proton density, FLAIR=fluid attenuated inversion recovery, STIR= short tau inversion recovery
 According to: Rovira À, Wattjes MP, Tintoré M, et al. Evidence-based guidelines: MAGNIMS consensus guidelines on the use of MRI 
 in multiple sclerosis-clinical implementation in the diagnostic process. Nat Rev Neurol 2015;11:471-82.

Figure 2. Standardized brain MRI protocol for MS diagnosis as proposed by the MAGNIMS collaboration. PD=Proton density, FLAIR=Fluid 
attenuated inversion recovery, Gad=Gadolinium, D=Dimensional, TSE=Turbo spin echo.

Figure 3. Standardized spinal cord MRI protocol for MS diagnosis as proposed by the MAGNIMS collaboration. PD=Proton density, 
FLAIR=Fluid attenuated inversion recovery, Gad=Gadolinium.

                 
 

|  Chapter 1
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Treatment of multiple sclerosis 
 
The spectrum of available MS therapies has substantially changed over the past 15 years. 
In the late 90s, interferon-β (IFNβ) was the only approved treatment in Europe followed by 
glatiramer acetate (GA) a couple of years later. These therapies showed positive effects on  
clinical (e.g., relapse rates) and MRI outcome measures (active T2 lesions, gadolinium enhancing  
lesions, brain atrophy), and are still considered as first line therapy in most European  
countries.24 Several years later the new generation of MS therapeutics became available,  
including natalizumab (Tysabri®, Biogen, Cambridge, MA), a monoclonal antibody against 
α4-integrin, and fingolimod (Gilenya®, Novartis), a small molecule that is considered to 
act via the modulation of sphingosine-1-phosphate receptors.25,26 In addition to these,  
several other drugs recently became available including  Dimethyl-fumarate, Teriflunomide,  
Cladribine, Alemtuzumab and Ocrelizumab (Figure 4). 

These new therapeutics are considered to have a stronger effect on clinical and MRI outcome 
measures, of which some also showed a significant effect on MS disease progression.27 All 
current MS therapeutics target inflammation, and with the exception of natalizumab, primarily 
appear to act via peripheral immune modulation or suppression. Therapeutics that directly  
act within the CNS, and have neuroprotective or reparative potential, have not yet been  
successfully developed, despite recent attempts.28  

Figure 4. Spectrum of approved MS therapies in Europe and their targeted outcome measures. RRMS=relapsing-remitting MS;  
EDSS=Expanded Disability Status Scale; MRI=magnetic resonance imaging; Gd+=gadolinium-enhancing; MSFC=Multiple Sclerosis 
Functional Composite; MTR=magnetic transfer ratio; SIENA=Structural Image Evaluation, using Normalisation, of Atrophy;  
SC=subcutaneous; IFNβ=interferon beta; GA=glatiramer acetate; DMF=dimethyl fumarate; Peg IFN=pegylated interferon beta-1a; 
S1PR1=sphingosine-1-phosphate receptor 1. *Daclizumab withdrawn from the market March 2018.
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Pharmacovigilance

Pharmacovigilance in MS comprises three important columns: clinical examination, imaging, 
and paraclinical tests (e.g., blood and CSF). These individual modules are additive, and do play 
a specific role in MS therapy pharmacovigilance.4

While the role of MRI in diagnostic work-up is well established, the importance of MRI  
assessments to monitor therapeutic responses outside of clinical trials is still evolving. In  
addition, brain MRI is increasingly being used for the early detection of medication related 
adverse effects such as (opportunistic) infections, vascular events or neoplasms. In general, 
higher drug efficacy in MS seems to be associated with a less favorable safety profile, owing to 
the requirement of an effective suppression of adaptive immune functions.29  

Although modern drug development efforts are aimed at more selective therapeutic targets to 
achieve higher therapeutic efficacy with ideally no adverse effects, the natalizumab experience 
demonstrates that such approaches can associate with rather unexpected, and up to now,  
uncontrolled novel risks. The rational drug design of natalizumab was aimed at integrin  
antagonism and blockade of transmigration of disease-causing immune cells across endothelial 
barriers including the blood-brain barrier. This therapeutic approach proved to be highly  
efficacious in MS as expected. However, the occurrence of JC virus associated PML was  
unexpected, leading to the drugs temporary removal from the market in 2005, and contributing 
to the creation of drug safety monitoring in MS as a novel and important field.27,30-33

The role of MRI in the detection of drug related adverse events during  
pharmacovigilance

In addition to the clinical vigilance, MRI, in particularly brain MRI, can support the clinical 
suspicion of treatment related adverse events such as opportunistic infections. MRI has a higher 
sensitivity compared to clinical examination alone. Therefore, MRI has been prompted as a key 
diagnostic tool for pharmacovigilance of the new generation of MS therapeutics.23,34

The most relevant aspect of pharmacovigilance from the drug safety perspective is the  
detection of opportunistic infections, paradoxical MS disease activity during treatment  
(e.g., tumefactive demyelination) and other rare safety issues such as the posterior reversible  
encephalopathy syndrome (PRES) and hemorrhagic encephalopathy.4,35-38 Among these safety 
events, the occurrence of opportunistic infections has attracted enormous attention.  
MS treatment related opportunistic infections include a broad spectrum of disease entities  
(e.g., varizella zoster, cryptococcus, herpes virus infections etc.).39-42 However, for unknown 
reasons, JC virus is the most frequent opportunistic infection during treatment related  
immunosuppression in general, and during MS treatment in particular.43 Therefore, the  
detection of JC virus associated PML has been a focus of attention for neurologists and  
radiologists involved in pharmacovigilance of treated MS patients.

|  Chapter 1
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MRI in the detection of MS treatment-related PML

PML is a rather rare opportunistic infection of the CNS in immunocompromised patients  
caused by JCV reactivation and replication leading to a lytic infection of oligodendrocytes, 
astrocytes and neuronal cells.44,45 The knowledge of this disease in terms of histopathology, 
imaging findings, diagnosis and prognosis is mainly based on HIV associated PML cases since 
approximately 80% of the PML cases were HIV related in the pre-highly active anti-retroviral 
therapy (HAART) era.44,45 Based on these experiences, the PML diagnostic criteria have been 
proposed including three major aspects: 1. A clinical presentation suggestive of PML. 2. The 
demonstration of JCV DNA in the cerebrospinal fluid (CSF) and/or brain tissue. 3. Imaging 
(preferably MRI) findings suggestive of PML.46 Recently, it has been suggested to add the  
intrathecal production of antibodies against JCV to the diagnostic criteria in JCV-PCR negative 
patients.47 Currently, a broad spectrum of immunosuppressive therapies for neoplastic but also 
autoimmune diseases is available, and a substantial number of these therapies are associated 
with opportunistic infections such as PML. Among those immunosuppressive therapies  
associated with PML occurrence, monoclonal antibodies are increasingly being used for  
various disease entities (e.g., rituximab for rheumatoid arthritis, natalizumab for MS).43  
Since these patients are continuously monitored and screened for adverse events in the context 
of pharmacovigilance programs, the spectrum of PML in terms of diagnosis (e.g., MRI  
appearance) and prognosis has substantially changed.48-50

Most of the knowledge regarding the diagnosis, management and prognosis of PML related  
to MS therapeutics has been derived from patients treated with the humanized monoclonal  
antibody Natalizumab which is approved for the treatment of relapsing MS.25,48-50 As of June 
1st 2018, 778 confirmed PML cases in natalizumab treated MS patients have been reported.51 

MRI has been established as a diagnostic screening tool for the detection of PML lesions. This 
is particularly important for patients with a higher risk for PML development (positive JCV 
serostatus, treatment duration longer than two years, prior treatment with immunosuppressive 
drugs).23,34 According to current guidelines these patients should be monitored and screened for 
possible PML with high frequent MRI scanning (e.g., every three months). In these high risk 
patients, it has been conclusively demonstrated that MRI is highly sensitive in the detection of 
PML pathology and can detect PML lesions in a very early stage while the patient is not  
presenting with any clinical symptoms suggestive of PML (Figure 5).52-54 In addition, case 
studies suggested that the early detection of PML (preferably in an asymptomatic stage) may be 
clinically highly relevant in terms of survival and functional outcome.52-54 

However, although MRI is a well-established tool for the diagnosis of asymptomatic PML,  
the detection and interpretation of new lesions suggestive of possible PML can be rather  
challenging because PML lesions on MRI at this early stage are rather small and difficult to 
differentiate from new/active MS lesions.55 CSF analysis for JCV DNA detection using  
quantitative polymerase chain reaction (qPCR) is not always able to support the radiological 
diagnosis since frequently negative results are obtained.56  

Although PML has been linked to natalizumab-treatment, it has become obvious that PML  
may also occur during the use of other approved MS therapeutics such as fingolimod and  
dimethyl-fumarate.57-59

General introduction  | 
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Figure 5: Scheme demonstrating the concept of PML development and the role of MRI in PML lesion detection at an asymptomatic 
stage. *Diagnosis  of definite PML based on PML diagnostic criteria. (Figure created by Dr. Nancy Richert)    
 

Pharmacovigilance after treatment discontinuation  
and initiation of alternative MS therapeutics  

In addition to patients receiving second line MS therapeutics due to failure of first line  
therapeutics (escalation therapy), a substantial number of patients treated with second line  
therapy (e.g., natalizumab) are switched to other second line therapeutics with a more benign 
safety risk profile.60 Recently, case studies have conclusively demonstrated that adverse events, 
and in particular opportunistic infections such as PML based on the initial treatment, can occur 
even after drug discontinuation and the initiation of alternative second line MS therapeutics.61-63 

Therefore, there is an obvious need for enhanced pharmacovigilance, including high frequency 
MRI scanning, in these patients. However, the interpretation of new MRI findings in these  
patients is even more challenging since new occurring MS pathology can be observed more  
frequently on MRI and these lesions can mimic pathology related to opportunistic infections 
(e.g., PML) and vice versa.

The role of MRI in the management of safety events related to MS therapeutics

Once an MS treatment related side effect is diagnosed either clinically or on MRI or both,  
patient management becomes very important. This is in particular the case in patients  
diagnosed with opportunistic infections such as PML. The development of an immune  
reconstitution inflammatory syndrome (IRIS) being associated with a worsening of clinical 
symptoms and a rapid progression of MRI changes is of particular clinical relevance.64,65  
A delayed diagnosis of PML-IRIS and therefore a delayed therapeutic intervention can lead to 
substantial sequelae and poor clinical outcome.66 In natalizumab-associated PML patients, it 
has been conclusively  shown that brain MRI can detect PML-IRIS lesions at an early stage 

|  Chapter 1
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while the patients are clinically still stable and not deteriorating. This helps to initiate an early 
treatment (e.g., steroids) leading to a better clinical outcome.67,68 Therefore, the crucial role of 
MRI in the detection of MS treatment related opportunistic infection goes beyond the diagnosis 
and includes the follow-up of these findings with substantial impact on the patient  
management.  

Aim and outline of the thesis

The general aim of this present thesis was to investigate the role of brain MRI in  
pharmacovigilance of natalizumab-treated MS patients with special regard to the diagnosis and 
prognosis of early PML detection by MRI. 

In CHAPTER 2, we describe the heterogeneous and fluctuating imaging features of (mainly 
symptomatic) natalizumab-associated PML in the context of histopathology, differentiation 
from imaging findings described in HIV-related PML and PML diagnostic criteria.  In addition, 
we focus on the PML lesion evolution with respect to understanding PML lesion progression 
and the development of PML-IRIS.

CHAPTER 3 focuses on the diagnosis of natawlizumab-associated PML at a very early,  
preferably asymptomatic, stage (CHAPTER 3.1) and on the implications of an early PML  
diagnosis on functional outcome (CHAPTER 3.4). Another important aim of this chapter was 
to investigate the performance of brain MRI in terms of PML detection and PML versus MS 
pathology (CHAPTER 3.3), and to stress the challenges to diagnose PML at an asymptomatic 
stage according to current diagnostic criteria in the absence or inconclusive testing of JC virus 
DNA in the CSF by quantitative PCR (CHAPTER 3.2).

Imaging signs suggestive of inflammation at the time of PML diagnosis and during PML  
disease course have been studied in CHAPTER 4. In CHAPTER 4.1, we investigated the 
imaging findings, in particular the imaging pattern of inflammation, directly after the first  
presentation (clinically or radiologically) of PML-IRIS. In CHAPTER 4.2 and 4.3, we  
investigated the imaging features of PML lesions showing imaging signs suggestive of  
inflammation at the time of PML diagnosis and during disease follow-up. In particular, we  
addressed the question whether or not these “inflammatory PML” lesions at the time of the  
initial presentation may be linked to inflammation that we see at later disease stages when 
PML-IRIS occurs. 
  
CHAPTER 5 introduces guidelines on the risk stratification and on the early diagnosis of PML 
in natalizumab-treated MS patients (CHAPTER 5.1). In addition to the introduction of the 
MAGNIMS consensus guidelines, this chapter includes critical articles to discuss whether  
these and other expert panel guidelines are evidence based and useful to improve patient care 
(CHAPTER 5.2 and 5.3).
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Introduction

Natalizumab is a monoclonal antibody against α4-integrin approved for the treatment of re-
lapsing multiple sclerosis (MS) with beneficial effects on clinical and MRI outcomes.1,2  
A serious side effect of natalizumab treatment is the occurrence of progressive   
multifocal leukoencephalopathy (PML), an opportunistic infection of the central nervous sys-
tem (CNS) due to reactivation and replication of JC virus (JCV).3,4
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Abstract

Natalizumab is a monoclonal antibody against α4-integrin approved for the treatment of  
multiple sclerosis (MS) due to a positive effect on clinical and magnetic resonance imaging 
(MRI) outcome measures. However, one relatively rare but serious side effect of this drug is a 
higher risk of developing progressive multifocal leukoencephalopathy (PML). Since the FDA 
approval, more than 300 natalizumab-associated PML cases have been documented among 
more than 100,000 treated MS patients. MRI is a crucial tool in the surveillance of patients  
treated with natalizumab in order to detect possible signs of PML in the asymptomatic stage. 
Although classical imaging characteristics of PML are well established, MRI findings in  
natalizumab-associated PML, particularly in early disease stages, show rather new and  
heterogeneous imaging findings including different patterns of inflammation with contrast  
enhancement. This review provides a comprehensive overview of the heterogeneous imaging 
findings in natalizumab-associated PML in the context of the underlying pathophysiology,  
histopathology, and the diagnostic procedure. We describe the MRI patterns of PML lesion 
evolution and complications including immune reconstitution inflammatory syndrome (IRIS). 
Finally, we present guidelines to differentiate MRI findings in PML from inflammatory  
demyelinating lesions, to facilitate the early diagnosis of PML in patients treated with  
natalizumab.
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Introduction

Progressive multifocal leukoencephalopathy (PML) is a rare opportunistic infection of the  
central nervous system (CNS) caused by John Cunningham virus (JCV) first described 
in 1958 in two patients with chronic lymphocytic leukemia. JCV infection and damage of  
oligodendrocytes leads to severe demyelination. JCV was identified in 1971 and the  
full-length DNA sequence was determined in 1984.1-3 PML occurs almost exclusively in  
immunocompromised patients and is most commonly (80%–85%) seen in human 
immunodeficiency virus (HIV)-infected patients.4 More recently, it has been demonstrated that 
PML can also occur in the setting of monoclonal antibody (mAb) therapy such as natalizumab 
therapy in multiple sclerosis (MS) patients.5

The diagnosis of PML is based on the clinical presentation, JCV detection in the cerebrospinal 
fluid (CSF) or brain tissue, and magnetic resonance imaging (MRI) findings. The textbook MRI 
features of PML are mainly based on HIV-associated PML cases.6 However, in the context of 
mAb therapy, it has become increasingly obvious that PML is a heterogenous demyelinating 
disease showing variable and fluctuating imaging appearances. In the field of clinical  
neurology, natalizumab-associated PML has generated tremendous interest among  
neurologists, radiologists, and MS patients.

Natalizumab (Tysabri®, Biogen Idec Inc, Cambridge, MA) is an mAb approved for the  
treatment of relapsing MS with marked effect on clinical and MRI outcome measures.7 Since 
its approval by the United States (US) Food and Drug Administration (FDA) in 2004,  
natalizumab is now widely used in clinical practice. Since the report of the first PML cases, 
efforts have been made in the post-marketing period trying to classify the risk profile of  
developing PML during natalizumab treatment and to provide guidelines in terms of patient 
selection and treatment monitoring.8,9 In addition, several studies have aimed for early  
detection of PML - clinically, radiologically and with the use of biomarkers in the blood and 
CSF. The risk of developing PML depends on treatment duration (>24 months), the anti-JCV 
antibody serology status, and prior or current administration of immunosuppressive  
therapies.10,11 As of June 2013, 372 cases of natalizumab-associated PML have been  
documented in more than 100,000 treated patients with an overall survival rate of 77%.12  
Although MRI allows early detection of PML even in pre-symptomatic patients, MRI diagnosis 
is hindered in many cases by the heterogeneity of manifestations and lesion evolution due to the 
co-existence of MS pathology.

In this review, we present and discuss the heterogeneous imaging findings  
in natalizumab-associated PML based on available literature and the authors’ experience in  
reviewing more than 100 cases. In addition, we describe patterns of PML disease progression 
including PML-immune reconstitution inflammatory syndrome (IRIS) and provide guidelines 
in terms of PML differential diagnosis.
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Histopathological features of JCV infection of brain tissue

JCV infection of the CNS is almost exclusively found in the brain tissue sparing the spinal cord 
and the optic nerves.4,13,14 Although several case reports from post-mortem cases of PML in 
HIV patients have described spinal cord involvement;15,16 this has not been observed in  
natalizumab-associated PML. JCV infects oligodendrocytes and astrocytes leading to cell lysis 
and release of the virus into the extracellular space with spreading of infection to neighboring 
glial cells. Typically, the juxtacortical and deep white matter of the frontal and parietal lobes are 
affected. PML does not respect the white matter-grey matter border and often involves the  
cortical and deep grey matter structures (Figure 1(a)–(c)). On a microscopic level, infected  
oligodendrocytes show hyperchromatic and enlarged nuclei containing viral inclusions  
(Figure 1(d)). Astrocytes may present with large and bizarre nuclei and sometimes  
multiple nuclei (Creutzfeld cells). Immunohistochemical staining for a cross-reactive  
polyoma virus antibody allows the identification of JCV-infected cells (Figure 1(d), (e)).17,18  
On immunohistochemistry, JCV-infected neurons are also a common finding, either within or  
outside demyelinating lesions.19

Figure 1. PML histopathology
Morphological features of classic PML from a 65-year-old woman. (a) Coronal section through the parietal and temporal lobes  
showing brownish discoloring in the paracortical white matter in the left and right parietal lobe. The vacuolation indicates severe tissue 
damage. Punctate discoloring of the deep cortex can also be seen. (b) A whole mount histological preparation of the boxed area in 
Figure 1(a) showing more clearly the subcortical distribution of the demyelination including the U-fibers and the adjacent cortex. (c) 
Immunohistochemically stained sections from the inferior frontal gyrus; on the left highlighting the cortex with synaptophysin and on 
the right using a myelin stain (myelin basic protein) to demonstrate how the demyelination can be centered primarily on the cortex. (d) 
Histological features of PML with rows of infected white matter oligodendrocytes showing enlarged and hyperchromatic nuclei. (e) JC 
virus-infected oligodendrocytes are identified by using immunohistochemical staining for the closely related polyoma virus BK virus, a  
surrogate marker due to cross-reactivity. PML=progressive multifocal leukoencephalopathy; JC=John Cunningham.
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Lymphocytic inflammatory response is limited in classic PML lesions. Lymphocytic infiltration 
can be seen in certain forms of PML, mainly in so-called inflammatory PML and in PML with 
concomitant IRIS.17

A subtype of JCV infection termed JCV granule cell neuronopathy (GCN) has been  
described in patients with cerebellar symptoms and severe cerebellar atrophy showing  
a lytic infection of the cerebellar granule cells sparing the Purkinje cells and  
oligodendrocytes.20,21 Another subtype of JCV infection termed JCV encephalopathy has 
recently been described in a non-HIV patient caused by a lytic infection of the pyramidal  
neurons and astrocytes in the cortical gray matter and grey-white junction.22

Although these distinct entities are described in the literature, it remains unclear whether they 
really reflect subtypes of JCV infection or represent certain histopathological aspects of JCV 
infection presumably overlapping with PML.

Diagnosis of PML

The definitive diagnosis of PML according to current diagnostic criteria can be made in two 
different ways: The first consists of the detection of PML on histopathology of biopsy material 
in combination with the presence of JCV by electron microscopy, immunohistochemistry, or 
(quantitative) polymerase chain reaction (qPCR). The second includes three major diagnostic 
aspects: clinical presentation, the presence of JCV DNA in the CSF or brain tissue, and MRI 
findings suggestive of PML.23,24 In HIV-associated PML cases, the typical clinical presentation 
of classic PML is a subacute onset of focal neurological symptoms including sensory and motor 
deficits, hemianopsia, aphasia, and ataxia. Approximately 18% of PML patients present with 
seizures.25 Cognitive decline has frequently been described as a presenting symptom. Spinal 
cord symptoms are extremely rare. In MS patients treated with natalizumab, the interpretation 
of new clinical symptoms can be challenging since both pathologies, MS and PML, may  
present with similar symptoms. In two case series of patients with natalizumab-associated 
PML, the heterogeneity of clinical symptoms was comparable to HIV-associated PML.  
Cognitive and behavioral symptoms were common presentations, observed in up to 55% of 
natalizumab-associated PML patients.5,26 The clinical differentiation of cognitive symptoms 
due to PML from MS-related cognitive impairment should also be considered.

The detection of JCV can be accomplished by analysis of CSF or brain biopsy. CSF detection 
of virus has a specificity of 100% but a sensitivity of 60% – 80% depending on the laboratory.27 
Applying qPCR, the limit of detection of the assay at the US National Institutes of Health 
(NIH) Laboratory of Molecular Medicine and Neuroscience is 10 copies of viral genome per 
ml.28 Natalizumab-associated PML patients may present with low copy numbers or may even 
be negative in early (occasionally asymptomatic) PML.29–31

MRI has become a crucial tool in the diagnosis and monitoring PML. In patients with  
natalizumab-associated PML, MRI is highly sensitive in the detection of PML changes, even in 
asymptomatic stages up to several months before the first clinical symptoms occur.27,32–38  
Table 1 gives an overview of the different MRI sequences and their added value in the  
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detection of different patterns of PML imaging pathology. In the following sections we will 
discuss the heterogeneous features of PML manifestation and disease evolution on MRI.

Table 1. Overview of the value of different pulse sequences in the diagnosis of PML.

Pulse sequence  Imaging feature                                                      
FLAIR  Most sensitive sequence for PML lesion detection
  Focal or multifocal white matter lesions
  Perivascular inflammation
  Cortical grey matter involvement        

T2-weighted  Microcystic lesions (“milky way appearance”)
  Cavitations, vacuoles
  Perivascular spread
  Deep grey matter lesions   

T1-weighted without contrast Cortical laminar necrosis (linear hyperintensity)
T1-weighted with contrast Inflammatory PML lesions: punctate, linear
  PML-IRIS manifestations : progressive, confluent,  
                                                                                                                                                         with associated edema and mass effect 

DWI  Acute demyelination

MRI features of natalizumab-associated PML

Since approximately 80% of all PML cases are linked to HIV infection, most of the PML  
imaging findings are described based on HIV cases, which has led to the terms “classic PML” 
and “inflammatory PML.” Recent literature suggests that PML associated with mAb treatment 
is more heterogeneous particularly in terms of imaging findings. In addition, because of the 
well-known higher PML risk with certain immunosuppressive therapies, increased MRI  
monitoring and subsequent preclinical detection of PML has created a broader and more  
heterogeneous spectrum of PML imaging findings.

Given this, we prefer to avoid “classical PML” and “inflammatory PML,” and consider PML 
manifestation patterns as described in the following sections.

Basic PML manifestation pattern—MRI white matter lesions

The classical MRI features of PML are progressive multifocal demyelinating white matter  
lesions that lend the disease its name. In early disease stages, lesions can be multifocal but may 
also present as a rather small focal lesion mimicking vascular lesions in the context of small 
vessel disease or focal demyelinating lesions as seen in MS patients. MRI analysis of 189  
natalizumab-associated PML cases within seven days of diagnosis demonstrated that the  
majority of PML lesions originate in the frontal lobe (48%) and less frequently in occipital 
(20%) and parietal lobes (12%). At the time of presentation, 42% of the PML manifestations 
can be classified as involving a single lobe (unilobar), 19% as involving more than one  
contiguous lobes (multilobar), and 35% of the cases as widespread (multiple noncontiguous 
lobes or bilateral).12,39
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Although the majority of the lesion may be located in the deep white matter, a key feature of 
natalizumab-associated PML is the involvement of the subcortical/juxtacortical white matter 
involving the U-fibers as well as occasionally the adjacent cortical gray matter. The textbook 
example of a PML lesion on MRI displays high signal intensity on T2-weighted/fluid  
attenuated inversion recovery (FLAIR) images and a low signal intensity on T1-weighted 
images (Figure 2(a)–(c)). However, in asymptomatic and acute PML stages, lesions may still 
be T1w-isointense or only slightly hypointense compared with the normal-appearing white 
matter (Figure 3). The borders of the lesions are ill defined toward the white matter and rather 
sharply delineated toward the cortical grey matter. In general, lesions do not enhance with no 
mass effect. However, contrast-enhancement can be observed in 30%–40% of the patients in 
the early natalizumab-associated PML stages suggesting inflammatory PML characteristics.33,39

Diffusion-weighted MRI (DWI) shows high signal intensities of almost all acute PML lesions 
particularly in the periphery of lesions suggesting acute demyelination and damage of  
oligodendrocytes (Figure 2 (d)-(e)). This may reflect histopathologic observations of PML in 
HIV that the lytic infection and swelling of oligodendrocytes leads to a decreased volume of the 
extracellular space and therefore restricted diffusion of extracellular water molecules.4,40  
However, the exact underlying pathophysiologic mechanism is probably more complex and 
heterogeneous. Not all PML lesions that are bright on DWI show a low signal on the  
corresponding apparent diffusion coefficient (ADC), suggesting that these DWI lesions may  
be based on a combination of intracellular edema and so-called “T2-shine-through” effect. 
Especially in the acute stage of natalizumab-associated PML, lesions may show a high signal 
intensity on the high B-value DWI indicating acute infection and demyelination.33,39

Figure 2. The use of a multisequence protocol in the diagnosis of PML
Axial FLAIR (a), T2-weighted turbo (fast) spin echo (b), contrast-enhanced T1-weighted (c), high B-value (B1000) DWI (d), and the  
corresponding ADC map (e) demonstrating a classical PML lesion (closed-head arrow) in the right parieto-occipital lobe of an MS patient 
treated with natalizumab. The lesion shows the typical appearance and location in the subcortical white matter filling out the gyrus. FLAIR 
is more sensitive regarding the assessment of the PML lesion compared with the T2-weighted image. The lesion does not show any  
contrast enhancement. Central parts of the lesion show a low T1 signal intensity suggestive of severe demyelination whereas other  
(peripheral) parts of the lesion are isointense or slightly hypointense ((c), open-head arrow). On the DWI (d), the major part of the lesion 
is hyperintense with a corresponding hyperintense signal on the corresponding ADC map. Only the peripheral part of the lesion  
shows low ADC values, suggesting acute demyelination with swelling of astrocytes and oligodendrocytes ((e), open-head arrow).  
PML=progressive multifocal leukoencephalopathy; FLAIR=fluid-attenuated inversion recovery; MS=multiple sclerosis; ADC=apparent 
diffusion coefficient; DWI= diffusion-weighted imaging. 
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Figure 3. PML lesion manifestation and evolution in the white matter
Axial FLAIR (top row) and contrast-enhanced T1-weighted (bottom row) MR images of an MS patient treated with natalizumab who  
developed PML in December 2011. Compared with the baseline scan of December 2010, PML presented as focal white matter lesions 
mimicking MS (closed-head arrows). During follow-up the lesions show local growth but also a spreading through the white matter  
resulting in a large confluent white matter lesion in the left hemisphere. On the contrast-enhanced T1-weighted images, the progressive 
demyelination is reflected by the progressive decrease of T1 signal intensity (hypointensity). FLAIR=fluid-attenuated inversion recovery; 
MR=magnetic resonance; MS=multiple sclerosis; PML=progressive multifocal leukoencephalopathy.

Within and adjacent to the main PML lesion, small T2-lesions with a microcystic appearance 
may be observed with a star-like distribution pattern described as “milky way appearance” 
(Figure 4). In an analysis of 22 natalizumab-associated PML patients, these peri-lesional  
T2-hyperintensities were observed in 72% and were associated with gadolinium-enhancement 
in later occurring PML-IRIS stages (Figure 4). It has been suggested that these lesions might 
represent an early immune response in the perivascular spaces that will become more  
prominent in later disease stages but particularly in PML-IRIS stages associated with a  
substantial infiltration of T-cells in the perivascular spaces.33

In addition to the described focal lesions, PML can also present with diffuse white matter 
demyelination in early stages but more frequently later diffusely spreads in the white matter.41 

This is of particular importance for differential diagnostic purposes since diffuse white matter 
demyelination is also a frequent finding in MS.42 
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Figure 4. Microcystic appearance of PML lesions
Axial FLAIR (a), contrast-enhanced T1-weighted (b) and sagittal T2-weighted MR images (c, d) demonstrating a PML lesion in the left 
frontal lobe of an MS patient treated with natalizumab. Posterior from the subcortical lesion, small lesions with a perivascular distribution 
pattern are visible (closed-head arrows). Some of these lesions show contrast-enhancement ((b), open-head arrows). The abundance of 
these small punctiform lesions within the PML lesion and in the vicinity of the PML lesion becomes more obvious on the sagittal T2-weigh-
ted images resembling scattered microcysts, hence the term “milky way appearance.” FLAIR=fluid attenuated inversion recovery;  
MR=magnetic resonance; MS=multiple sclerosis; PML=progressive multifocal leukoencephalopathy.

Cortical grey matter manifestation

Although the spectrum of clinical presentation (e.g. cortical blindness, seizures, cognitive 
decline) strongly suggests the presence of grey matter pathology, the relevance of grey matter 
pathology in PML has been neglected for a long time. Histopathologically, cortical grey matter 
manifestations seen by immunohistochemistry are a common feature in PML sharing some  
similarities but also substantial distinctions with cortical MS pathology.17,18,43,44 Cortical grey 
matter lesions in PML can be classified as leukocortical (involving the juxtacortical white  
matter and the adjacent cortical grey matter) or intracortical. Similar to MS lesions,  
leukocortical PML manifestations are better seen and seem to be more prominent than pure  
intracortical lesions.45 In contrast to MS cortical grey matter pathology, cortical PML  
pathology consists of abundant small lesions affecting cortical layers III and IV but not  
involving the subpial cortical layer.43 Similar to MS, there is less inflammatory response than 
in white matter lesions, and the presence and extent of cortical PML pathology is  
underestimated by MRI. This could be based on the low sensitivity of conventional MRI pulse 
sequences but also on the unawareness that PML is not an exclusive “white matter disease” as 
the term “leukoencephalopathy” suggests. There is limited data available about the frequency 
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of cortical grey matter PML lesions on MRI: A recently published case series reported that 50% 
of early PML cases (within two weeks of clinical PML diagnosis) had cortical pathology on 
MRI.33

A rather frequent finding in natalizumab-associated PML is the expansion of subcortical PML 
lesions into the cortical grey matter across the grey-white matter junction.46 Similarly, lesions 
originating in the cortical grey matter can expand into the adjacent white matter (Figure 5). It 
is worth stressing the fact that a small focal cortical grey matter lesion can be the first imaging 
feature of PML, particularly in patients with a cortical clinical manifestation (e.g. seizures) but 
also in the asymptomatic stage. During follow-up, a combination of grey and white matter  
pathology exists, where the white matter pathology usually represents the primary imaging 
finding. In rare cases, however, cortical grey matter pathology may remain the predominant 
feature of PML pathology (Figure 6), suggesting the aforementioned entity of JCV  
encephalopathy.22

Figure 5. Cortical grey matter PML manifestations and lesion evolution
Axial T2-weighted images in the acute stage (October 12, 2009) of a natalizumab-associated PML patient showing PML lesion  
manifestations primarily starting in the cortical grey matter of the right frontal lobe (closed-head arrows) and to a lesser extent in the 
adjacent white matter (open-head arrow). During follow-up (February 5, 2010) the lesion locally expands and infiltrates the adjacent 
juxtacortical and deep white matter (open-head arrows). In addition, new lesions in the cortical grey matter of the contralateral frontal 
lobe occur (closed-head arrows). PML=progressive multifocal leukoencephalopathy.
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Figure 6. Cortical PML phenotype
Axial FLAIR images demonstrating the cortical grey matter PML involvement in a patient with natalizumab-associated PML (arrows). 
Please note the widespread PML lesions are almost exclusively located in the cortical grey matter and juxtacortical white matter whereas 
deep white matter structures are not involved. PML=progressive multifocal leukoencephalopathy; FLAIR=fluid-attenuated inversion  
recovery.    
 

Deep grey matter manifestation

In HIV-associated PML, deep grey matter involvement may occur.47,48 Deep grey matter  
(including the thalamus and the dentate nuclei) PML lesions are unusual (5%) in  
natalizumab-associated PML, particularly in early disease course.39 Several cases presenting 
with a focal PML lesion in the thalamus mimicking a lacunar infarct showed progression into 
the white matter of the cortico-spinal tract, subsequently also involving the neocortical grey 
matter (Figure 7). 

In terms of prognosis and outcome, unilobar PML presentation in the deep grey matter is of 
special importance because such lesions are often misdiagnosed as lacunar infarcts or MS  
lesions and consequently there is a poorer clinical outcome (Biogen Idec, data on file). During 
follow-up, when white matter PML lesions become more confluent and diffuse, secondary 
involvement of deep grey matter structures occurs more frequently (approximately 50%).33
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Figure 7. Deep grey matter PML lesion with white matter spreading
Axial ((a), (d)) and coronal T2-weighted images ((b), (e)) as well as  coronal FLAIR images ((c), (f)) obtained in a patient with natalizumab- 
associated PML. In the asymptomatic stage (top row, (a)–(c)), a new small focal lesion was identified in the right thalamus (closed-head 
arrows) and misinterpreted as a subacute lacunar infarct. During follow-up three months later (bottom row, (d)–(f)), the lesion expanded 
into the adjacent white matter, grew along the cortico-spinal tract centrally reaching and involving the cortical grey matter (open-head 
arrows). GM=grey matter; PML=progressive multifocal leukoencephalopathy; FLAIR=fluid-attenuated inversion recovery

Posterior fossa

PML lesions in the posterior fossa in early PML occurs in <10% of cases at presentation.33  
However, during follow-up including PML-IRIS stages, posterior fossa involvement is  
frequently observed. As in HIV-associated PML, typical locations of natalizumab-associated 
PML in the posterior fossa include the (middle) cerebellar peduncles, but may also involve 
the brainstem, the pons, the cerebellar hemispheres, and even deep cerebellar grey matter  
structures such as the dentate nucleus (Figure 8).33,39
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Figure 8. Examples of infratentorial PML lesion manifestations
Axial T2-weighted MR images of three patients ((a)–(f)) with natalizumab-associated PML presenting with infratentorial lesions in the  
acute PML stage. (a), (b): A lesion located in the left thalamus is spreading into the left mesencephalon (cerebral peduncle). 
(c), (d): multifocal PML lesions in the posterior fossa located in the pons (brachium pontis) and in both middle cerebellar peduncles. 
(e), (f): Lesions located in the cerebellar hemispheres (closed-head arrow) also affecting the dentate nucleus (open-head arrows).  
PML=progressive multifocal leukoencephalopathy; MR=magnetic resonance.
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PML with signs of inflammation

Unlike HIV-associated PML, contrast enhancement in natalizumab-associated PML lesions 
does occur in 35% – 40% of cases at presentation.33,39 Enhancement may be linear, punctate or 
rim like. Perivascular distribution of inflammation is suggested by clustered focal and punctate 
lesions with contrast enhancement in the deep and periventricular white matter (Figure 9).  
Perivascular inflammation pattern is also suggested by the aforementioned “milky way” small 
punctuate T2-lesions in the vicinity of larger PML lesions. The histopathology of these PML 
lesions is incompletely understood. It has been suggested that these small perivascular areas of 
inflammation might represent foci of active JCV proliferation or alternatively represent  
macrophage or microglial activation.43,46 In general, early inflammation with contrast  
enhancement may be visible in acute or even in the asymptomatic stage34,49 and should be  
distinguished from PML-IRIS. PML lesions and PML-IRIS lesions may even occur  
simultaneously.50 To determine the appropriate therapeutic strategy, a correct interpretation of 
the MRI is crucial in patients presenting with early perivascular inflammation in order to  
distinguish PML from PML-IRIS because initiating a therapy to abrogate an immune response 
to the virus may be detrimental.51,52

Figure 9. Perivascular inflammation in PML
Axial T2-weighted (top row) and gadolinium-enhanced T1-weighted (bottom row) MR images of a patient who developed a perivascular 
inflammation pattern in natalizumab-associated PML. Compared with the baseline scan (June 11, 2006), the leading finding at the  
acute PML stage (September 5, 2009) was a group of small lesions in the deep white matter of the left hemisphere (white circle) with  
a perivascular distribution pattern and contrast enhancement. On follow-up (September 29, 2009), the lesions and the enhancement 
progressed and new lesions were observed in other areas such as the left frontal lobe (white closed-head arrows). After plasma exchange 
and corticosteroid treatment the contrast enhancement regressed partially (October 14, 2009). PML=progressive multifocal  
leukoencephalopathy; MR=magnetic resonance.
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Lesion evolution and PML-IRIS development

At the time of diagnosis, natalizumab-associated PML lesions frequently present as focal white 
and/or grey matter lesions. During follow-up, lesions progress in size, often becoming  
confluent and new lesions occur, leading to a multifocal lesion pattern. In some patients, the 
lesion growth and expansion may follow white matter tracts such as the superior longitudinal 
fasciculus, the corpus callosum, and the cortico-spinal tract, leading to a characteristic lesion 
evolution pattern. Particularly in the cortico-spinal tract, PML lesions may expand from the 
supratentorial brain to the posterior fossa. In addition to the local lesion expansion and the  
development of new lesions, the PML lesion characteristics change over time. The progressive 
and irreversible demyelination based on the progressive lytic infection of oligodendrocytes and 
astrocytes is reflected by the decrease of T1-signal intensity leading to the characteristic dark 
appearance of PML lesions. In addition, lesions tend to become more heterogeneous with small 
vacuoles/cavitations and (micro)cysts and areas with diffuse demyelination may develop.  
Neurodegenerative findings such as grey and/or white matter atrophy are not a typical feature 
of acute PML. However, neurodegeneration can occur during follow-up within weeks or few 
months that likely contributes to clinical decline and fatal outcome (Figure 10).53

PML-IRIS is defined clinically as new clinical symptoms and/or worsening of existing clinical 
symptoms associated with progressive imaging findings of active inflammation. In MS  
patients, plasma exchange (PLEX) or immunoadsorption (IA) has been used to remove  
natalizumab, thus restoring lymphocyte trafficking into the brain.26 Whereas only a subset  
of HIV patients (between 17% and 27%) develop IRIS, almost all patients with  
natalizumab-associated PML develop PML-IRIS within weeks or months.26,50,54–57  
Histopathologically, PML-IRIS is characterized by an influx of CD8-positive T-lymphocytes 
into the brain tissue and the perivascular spaces contributing to the feature of perivascular  
cuffing. In addition, plasma cells and limited numbers of CD4-positive and CD20-positive 
lymphocytes but no mast cells are observed.46,58 Important imaging features of PML-IRIS  
 include the development of new inflammatory changes with an increase of PML lesion size and 
new areas of contrast enhancement with edema and mass effect.41,58,59 However, MRI cannot 
always distinguish between PML-IRIS and ongoing PML infection, and they frequently  
co-exist. PML-IRIS can lead to substantial long-term sequelae exceeding the tissue damage 
caused by JCV infection, particularly involving grey matter structures represented by cortical 
laminar necrosis and severe focal and/or global cortical atrophy (Figure 10).
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Figure 10. PML-IRIS
Axial T2-weighted (top row) and gadolinium-enhanced T1-weighted MR images (bottom row) of an MS patient with natalizumab- 
associated PML. Compared with the baseline scan (November 7, 2008), PML lesions (closed-head arrows) occurred in the white matter of 
both frontal lobes with the typical microcystic aspect without any contrast enhancement (January 27, 2010). Some of the acute PML  
lesions showed a perivascular distribution pattern (open-head arrows). After plasma exchange, the patient presented with a clinical 
decline and developed new and progressive lesions with an inhomogeneous appearance as well as areas with diffuse demyelination 
suggestive of PML-IRIS (March 24, 2010). On the post-contrast images, multifocal areas with (perivascular) enhancement are visible 
(open-head arrows). In addition, a linear area in the frontal cortical grey matter with T1 high signal intensity can be observed (small  
closed-head arrow). This finding does not represent contrast enhancement but cortical laminar necrosis. PML=progressive multifocal  
leukoencephalopathy; IRIS=immune reconstitution inflammatory syndrome; MR=magnetic resonance.

Prognostic value of MRI markers

Based on MRI findings from 319 natalizumab-treated MS patients who developed PML as of 
Jan. 1, 2013, factors that contributed to improved survival include early detection on MRI prior 
to development of clinical symptoms, and more localized disease at the time of diagnosis.38 In 
a recent study, the survival rate of 21 patients who were asymptomatic at PML diagnosis  
(confirmed by detection of JCV in CSF) was 100% compared with a 69% survival rate in the 
298 patients who were symptomatic at diagnosis. Moreover, clinical scores based on Karnofsky 
score60 and Expanded Disability Status Scale (EDSS)61 were better in those diagnosed while 
asymptomatic.38 MRI detection of PML early in the disease also demonstrates that patients 
with more localized disease (confined to a single lobe (unilobar disease)) or contiguous lobes 
(multilobar disease) had a higher survival rate (85%) compared with those with widespread 
PML at diagnosis (69%). Gadolinium-enhancement at the time of PML diagnosis did not  
influence survival in this patient cohort.39
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Differential diagnosis of PML in MS patients treated with natalizumab

The crucial point in the early diagnosis of PML in MS patients treated with natalizumab is the 
differential diagnosis of new T2 lesions. Based on the fact that natalizumab in general can be 
considered a quite effective therapy in terms of clinical and MRI outcome measures, new brain 
lesions during natalizumab treatment beyond two years of treatment should be evaluated for the 
possibility of PML. However, in clinical practice the majority of new brain lesions that occur 
during early (first two years) natalizumab treatment are not PML lesions and are more likely to 
represent new MS lesions due to natalizumab-treatment failure, partial response, or lack of drug 
response in the context of neutralizing antibodies.62,63 Therefore, new MS lesions are the most 
important differential diagnosis of PML in MS patients during natalizumab treatment. Table 2 
gives an overview of differences between PML and MS lesions on brain MRI. Although PML 
and MS share some histopathological and imaging characteristics, MS white matter lesions 
classically present as lesions with a perivascular distribution pattern in characteristic anatomic 
locations (juxtacortical, periventricular, infratentorial).64 The lesion borders toward white and 
grey matter borders are relatively sharply delineated. Focal contrast enhancement is frequently 
homogenous/nodular or ring like (Figure 11(a), (b)). MS lesions may present as  
T1-hypointense lesions (“black holes”). However, they may return to isointense lesions during 
follow-up suggesting remyelination.65 A direct comparative study revealed some basic imaging 
characteristics for MS lesions (periventricular, contrast-enhancement) compared with PML  
lesions (large confluent, deep grey matter, crescent cerebellar lesions) that may aid as a rough 
guideline in differentiating both diseases.66 Perhaps high-resolution imaging at higher magnetic 
field strengths might help in differentiating MS from small focal PML lesions and vice  
versa.67,68

Tumefactive idiopathic demyelinating lesions may show mass effect and may present with 
extreme T1-hypointensity mimicking PML. However, these lesions may also show  
remyelination over time (Figure 11(c), (d)), which does not occur in PML.64,69,70 Acute  
disseminated encephalomyelitis (ADEM) is also an important differential diagnosis. ADEM 
lesions are large lesions also affecting the cortical and deep grey matter structures with no or 
subtle enhancement (Figure 11(e), (f)) that are mostly T1 isointense, reflecting their  
predominantly inflammatory rather than demyelinating nature.64,71

Posterior reversible-encephalopathy syndrome (PRES) presenting with large lesions on 
T2-weighted and FLAIR images can be associated with natalizumab-treatment and it is an 
important differential diagnosis of PML in this context. These lesions may be suggestive of 
vasogenic edema rather than acute demyelination. In addition, there is often an additional  
underlying clinical symptomatology or pathology such as hypertension, which after successful 
treatment may result in complete lesion resolution.72

In the clinical context of immunosuppression, any other opportunistic infection should be  
considered and ruled out. The broad and heterogeneous spectrum includes other viral infections 
(e.g. herpetic), bacterial, and fungal infections as well as parasites.



2

46 |  Chapter 2.1

Table 2. Basic imaging features of natalizumab-associated PML and  
other demyelinating diseases important for differential diagnostic considerations.  

Feature                                                     Natalizumab-associated PML  MS ADEM Tumefactive demyelination

Location 
 
   

Subcortical WM involving  
 the U-fibers, Infiltration of  
 the adjacent GM 

Fills the gyrus  
 (heart of the gyrus)

Frontal > occipital > parietal  
 lobe

Lesion may start in the cortical/ 
 deep GM

NOT in the spinal cord  
 and optic nerves

WM:  
 Periventricular
 Juxtacortical
 Infratentorial

Perivascular distribution 

Cortical and deep GM     

Spinal cord 

Optic nerves

Anywhere in the WM and GM

Posterior fossa

Frequently in the GM

Spinal cord 

Anywhere in the WM and GM

More frequently in the  
    supratentorial brain

Size  
 

Large > 3cm

Small  < 3cm in early/ 
 preclinical stages

Small < 3cm Large > 3cm

Possibly in combination with  
smaller focal lesions

Large > 3cm

Shape /
appearance 
 

Confluent (focal in early stages)

Irregular, infiltrative, diffuse  
 (later stages)

Microcysts (“milky way  
 appearance”)

Multiple small focal lesions in  
 the vicinity 

No mass effect

Focal lesions: 
    Round or ovoid shape
    U-shape (juxtacortical)

Diffuse demyelination

May have mass effect in acute 
stage

Confluent 

Irregular

Diffuse 

May have mass effect

Confluent

Irregular

Infiltrative

Large focal

Mass effect

Borders 
 

Ill-defined towards the WM 

Relatively sharp towards the  
 grey matter

Not respecting the GM/WM  
 border

Well-circumscribed

Diffuse demyelination: 
 no borders

Not respecting the 
 GM/WM border  

Lesser sharply delineated  
    compared to MS lesions

Heterogeneous

Lesion  
evolution

Acute/early: 
 signs of active demyelination  
 (↑ SI DWI)
 signs of inflammation in  
 30-40%

Follow-up: 
 Progressive demyelination  
 (↓SI T1)
 ↑lesion size, becoming  
 confluent
 PML-IRIS with inflammation  
 and later neurodegneration
 No remyelination

Acute/early: 
 focal and/or diffuse  
 demyelination
     possibly acute/severe  
 inflammation
    with contrast-enhancement

Follow-up:
  New lesions, confluent  
 lesions
 Progressive 
 neurodegeneration

Remyelination can occur

Acute/early: 
 focal and/or diffuse  
 demyelination
 minor signs of severe  
 inflammation
 with no or minor contrast-  
 enhancement 

Follow-up:
 Remyelination with lesion  
 shrinkage
 Possible relapses with new  
 lesions 
 Conversion to definite MS

Acute/early: 
 Acute demyelination with  
 contrast-enhancement and  
 mass effect possibly in  
 combination with 
 pre-existent MS

Follow-up:
 (Partial) remyelination,  
 lesion shrinkage
    Focal and/or global atrophy
    Relapses

Abbreviations:  ADEM=acute disseminated encephalomyelitis, DWI=diffusion-weighted imaging, GM=grey matter, IRIS=immune 
reconstitution inflammatory syndrome, MS=multiple sclerosis, WM=white matter, PML= progressive multifocal leukoencephalopathy, 
SI=signal intensity. 
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Figure 11. Imaging characteristics of important PML differential diagnosis
(a), (b): Axial T2-weighted (a) and gadolinium-enhanced T1-weighted (b) MR images demonstrating characteristic sharp delineated, 
juxtacortical (short arrow) and periventricular (long arrow) white matter lesions with an homogenous focal (long arrow) and ring-like 
(short arrow) enhancement in a patient with MS. (c), (d): Axial T2-weighted (c) and gadolinium-enhanced T1-weighted (d) MR images 
showing large, pseudotumoral, sharp delineated, slightly irregular, strongly T1-hypointense, T2-hyperintense lesions involving  
predominantly the frontal lobes with mass effect and an incomplete peripheral (open-ring) enhancement pattern (arrow) consistent with 
a  tumefactive demyelinating lesion (TDL). (e), (f): Axial T2-weighted (e) and gadolinium-enhanced T1-weighted (f) MR images  
demonstrating multiple, partially confluent, bilateral, and slightly asymmetrical T2-hyperintense lesions involving predominantly  
the deep gray matter with a subtle punctiform enhancement pattern (arrow) in a patient with ADEM. PML=progressive multifocal  
leukoencephalopathy; MR=magnetic resonance; MS=multiple sclerosis; ADEM=acute disseminated encephalomyelitis.

Conclusion

The new generation of immunosuppressive and immunomodulating therapies in MS ushered in 
a new era of MRI safety monitoring for the early detection of opportunistic infections and  
other drug-related side effects. The documentation of PML as a drug-related infection in  
natalizumab-treated MS patients and the introduction of MRI in the surveillance of these  
patients have substantially influenced our understanding of the disease. From the imaging point 
of view, it has been demonstrated that natalizumab-associated PML represents a very  
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heterogeneous disease showing an abundance of inflammatory changes that have been rather 
neglected in the context of HIV-associated PML. It is not an exclusive white matter disease as 
suggested by the term leukoencephalopathy. In the early disease stages, PML frequently  
presents as a focal lesion and may be confused with a new MS lesion. Inflammation is rather 
common in natalizumab-associated PML but also in PML-IRIS, which often leads to  
progressive clinical and imaging features beyond the original PML disease. PML in the context 
of natalizumab is a very good example of a disease with a changing face of neuroinflammation 
and can be considered as the chameleon of neuroinflammatory diseases. This – once again –  
stresses the fact that (neuro)radiologists and neurologists involved in the care of MS patients 
treated with natalizumab should be aware of these heterogeneous imaging findings presented in 
this review article that we hope will aid in the early and preferably asymptomatic diagnosis of 
PML with positive influence on clinical outcome and survival.
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Abstract

Purpose of review
This review describes the role and advancements of MRI in the diagnosis and monitoring of 
progressive multifocal leukoencephalopathy (PML) in multiple sclerosis patients treated with 
natalizumab.

Recent findings 
MRI is the most sensitive paraclinical tool in the detection of PML lesions in natalizumab- 
treated multiple sclerosis patients, showing lesions in very early disease stages up to months 
before clinical symptoms occur. The sensitivity of PML lesion detection is dependent on the 
MRI pulse-sequences used. Fluid attenuated inversion recovery shows the highest sensitivity 
and diffusion-weighted MRI is well suited to depict active and acute demyelination in PML 
lesions. Compared with the PML in HIV-infected patients, the MRI appearance of  
natalizumab-associated PML is rather heterogeneous and fluctuating, including signs of  
inflammation and showing new imaging patterns such as cortical grey matter involvement. The 
importance of reliable PML detection is particularly obvious in patients at an asymptomatic 
stage. The clinical relevance of natalizumab-associated PML detected at an asymptomatic stage 
is best illustrated by the fact that such patients have a substantially better outcome compared 
with symptomatic PML patients.

Summary
MRI is the most powerful method in the detection of natalizumab-associated PML by showing 
imaging patterns helpful in the differentiation between PML and multiple sclerosis lesions. The 
early – preferably asymptomatic – detection of PML is related to a more favorable outcome in 
terms of survival and functional outcome parameters.
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Introduction

Progressive multifocal leukoencephalopathy (PML) is an opportunistic infection of the central 
nervous system (CNS) caused by John Cunningham virus (JCV) infecting oligodendrocytes, 
astrocytes and neurons, leading to severe demyelination.1-3 PML occurs almost exclusively in 
the setting of immunosuppression and most of our knowledge of this disease has been derived 
from HIV-infected patients, particularly in the pre-highly active antiretroviral therapy era.4 

More recently, PML in the setting of monoclonal antibody therapy has attracted tremendous 
attention particularly in multiple sclerosis patients treated with natalizumab.5 

Natalizumab (Biogen Idec Inc., Cambridge, Massachusetts, USA) is a monoclonal antibody 
against α4-integrin, preventing the migration of immune cells across the blood-brain  
barrier, approved for the treatment of relapsing multiple sclerosis.6 PML is a well known  
adverse event in patients treated with natalizumab. As of February 4 2014, 437 cases of  
natalizumab-associated PML in multiple sclerosis patients have been documented out of more 
than 100 000 treated patients, with an overall survival rate of 77% (https//medinfo.biogenidec.
com; accessed March 2014). Over the past few years, substantial effort has been made in order 
to identify risk factors of PML development as well as to establish guidelines on drug  
surveillance, PML diagnosis and monitoring.7 The risk of developing PML depends on the 
treatment duration (>24 months), the anti-JCV antibody serology status and the administration 
of prior or current immunosuppressive therapies.8,9 It has become obvious that MRI is the most 
sensitive diagnostic tool in the detection of PML lesions, even months before clinical  
symptoms may occur.10-18 However, the MRI diagnosis is hindered in many cases because  
of the subtlety of early PML lesion detection, lesion heterogeneity and difficulties in  
differentiating early PML lesions from multiple sclerosis disease activity.18-20 This review aims 
to summarize the role of MRI in the diagnosis of natalizumab-associated PML and presents 
imaging features of natalizumab-associated PML in the context of PML diagnosis and  
monitoring including the associated immune reconstitution inflammatory syndrome (IRIS).

Place of MRI within PML diagnostic criteria

The diagnosis of PML in a clinical setting according to current diagnostic criteria is based on 
the clinical presentation, imaging findings and the detection of the virus in the cerebrospinal 
fluid (CSF) using quantitative PCR (qPCR). Alternatively, the diagnosis can be established 
by PML detection on histopathology examination of biopsy material in combination with the 
presence of JCV by electron microscopy, immunohistochemistry or qPCR.21,22 MRI is the most 
sensitive diagnostic method in the detection of PML pathology, even in asymptomatic patients 
occasionally showing lesions before JCV DNA becomes detectable in the CSF.23

MRI pulse-sequences in the diagnosis of natalizumab-associated PML

For the diagnosis of PML in the clinical setting, MRI can be performed as a multisequence 
protocol. Each pulse sequence has its own value in detecting different aspects of PML disease. 
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Table 1 and Figure 1 give an overview of the different pulse sequences in the diagnosis of  
PML. PML presents as high signal intensity lesions on T2-weighted and fluid attenuated  
inversion recovery (FLAIR) sequences. FLAIR sequences show the highest sensitivity,  
whereas T2-weighted images without CSF suppression show several aspects of PML  
disease such as small cavitations with the PML lesions as well as small lesions around the main 
PML lesions, which has been designated as the ‘milky way appearance’. PML lesions have a very 
low signal intensity on T1-weighted images. However, the degree of T1-hypointenstity depends 
on the degree of demyelination. On contrast-enhanced T1-weighted images, inflammatory PML 
lesions leading to contrast-enhancement can be detected.17 This is particularly relevant during 
follow-up when PML-IRIS might occur, which requires dedicated therapeutic interventions.  
Diffusion-weighted imaging (DWI) detects areas with acute and active infection of  
oligodendrocytes and astrocytes leading to cell swelling (intracellular edema) and volume  
reduction of the extracellular space.24 This is reflected by high signal intensity on DWI of acute 
PML lesions particularly in the active periphery of lesions. However, not all PML lesions and the 
complete area presenting with a high signal intensity on DWI will show a low signal on the  
corresponding apparent diffusion coefficient map, suggesting a combination of different 
mechanisms including intracellular edema and the so-called ‘T2-shine-through’ effect.18-20

In terms of PML screening within natalizumab surveillance programmes, an abbreviated MRI 
protocol including FLAIR and DWI sequences is highly recommended. Additional proton  
density/T2-weighted sequences can further improve the certainty of not missing a small lesion 
particularly in the deep grey matter or posterior fossa.

Table 1. Overview of the value of different pulse sequences in the diagnosis of progressive multifocal leukoencephalopathy

Pulse sequence  Imaging feature                                                      
FLAIR  Most sensitive sequence for PML lesion detection
  Localization and distribution of PML lesions in the
   – White matter
   – Grey matter
  Small lesions in the vicinity of main PML lesion
  Monitoring of PML lesion evolution and spreading
  Diffuse PML demyelination      

T2-weighted  Detection of PML lesions in certain anatomic areas
   – Deep grey matter
   – Posterior fossa
  Detection of certain PML imaging features
   – Microcystic lesions
   – Cavitations and vacuoles 
   – Small lesions in the vicinity of main PML lesion
  Monitoring of PML lesion evolution and spreading

T1-weighted (contrast-enhanced)  Inflammation with contrast-enhancement
   – punctate
   – linear
  PML-IRIS diagnosis and monitoring
  PML-IRIS sequelae: 
   – Cortical laminar necrosis (linear hyperintensity)
   – Atrophy 

DWI  Active JCV infection with cell swelling (acute/progressive PML lesions)

Abbreviations: DWI=diffusion-weighted imaging, FLAIR=fluid-attenuated inversion-recovery, IRIS=immune reconstitution  
inflammatory syndrome PML=progressive multifocal leukoencephalopathy.     
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Figure 1. Different pulse sequences [fluid-attenuated inversion recovery (FLAIR), T2-weighted, contrast-enhanced T1-weighted,  
diffusion-weighted imaging (DWI) and the corresponding apparent diffusion coefficient (ADC) map] showing a progressive multifocal 
leukoencephalopathy (PML) lesion in the right frontal lobe (arrows). The FLAIR sequence has the highest sensitivity in terms of detection 
and assessment of the size of the PML lesion (closed head arrow). In addition, FLAIR can show some small lesions in the vicinity of the 
main lesion and in other locations such as the contralateral hemisphere (open head arrows). The T2-weighted sequence can show this in 
more detail (open head arrows). In addition, vacuoles can be seen in the main PML lesions, particular in advanced stages. On T1-weighted 
images, the PML lesion presents as a hypointense lesion and the T1-signal is depending on the degree of demyelination. Therefore, 
acute lesions can show T1-isointense signal intensities. Contrast-enhancement can be observed in approximately 30% of the patients 
(open head arrows) showing different enhancement patterns. Acute demyelinating PML lesions present with high signal intensity lesion 
on DWI (arrow). The corresponding ADC maps shows heterogeneous lesions characteristics with high (closed head arrow), isointense and 
low signal intensity lesions (open head arrow). Imaging material kindly provided by Biogen Idec Inc (Cambridge, Massachusetts, USA).

MRI pattern of natalizumab-associated PML

The classic PML pattern – mainly based on experiences in HIV-associated PML – includes large 
and multifocal T2-hyperintense demyelinating white matter lesions, which lend the disease its 
name. Signs of inflammation leading to contrast-enhancement are relatively rare. However, 
natalizumab associated PML shows different and heterogeneous imaging characteristics, which 
make the diagnosis rather challenging – particularly early in the disease course.18,20,25

Lesion location and distribution
In terms of location and distribution of the disease, an MRI analysis of 189 cases of acute  
(within 7 days of diagnosis) natalizumab-associated PML showed that 48% of the PML  
lesions originate in the frontal lobe, 20% in occipital and 12% in parietal lobes.  
Infratentorial and deep grey matter/basal ganglia onset of natalizumab-associated PML are 
rather rare, occurring in approximately 10 and 5% respectively.19 Frequent infratentorial PML 
locations include the middle cerebellar peduncle and the brachium pontis (Figure 2).  
Natalizumab-associated PML can affect all deep grey matter structures (Figure 3) including the 
thalamus and the dentate nucleus, and focal PML lesions should not be misinterpreted as  
lacunar infarctions. At the time of the initial clinical presentation, 42% of the PML lesions  
involve one single lobe (unilobar), 19% involve more than one contiguous lobe (multilobar), 
and 35% of the cases can be classified as widespread (multiple noncontiguous lobes or  
bilateral) (https//medinfo.biogenidec.com; accessed September 2013).19 In contrast to other 
demyelinating diseases such as multiple sclerosis, the spinal cord and the optic nerves are  
spared.1,2,4 Although there are two case reports with post-mortem evidence of PML  
involvement of the spinal cord, this has not been demonstrated in vivo by MRI.26,27 In  
natalizumab-treated multiple sclerosis patients presenting with spinal cord symptoms, varicella 
zoster myelitis should be considered.28,29 Natalizumab-associated PML presenting with visual 
symptoms is most likely because of involvement of the posterior optic pathways.30
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Classically, the PML lesion is located in the deep white matter extending to the subcortical/
juxtacortical white matter involving the U-fibers as well as occasionally the adjacent  
cortical grey matter (Figure 1). When the lesion becomes larger, it fills out the subcortical  
white matter of the gyrus/gyri, which coined the term ‘heart of the gyrus’ appearance.18-20  
Although PML is traditionally (as the term ’leukoencephalopathy’ suggests) considered as a 
white matter disease, it is increasingly recognized that grey matter involvement does  
occur frequently31,32 and may even be the site of inception (Figures 4 and 5). In  
natalizumab-associated PML, grey matter involvement has been reported in 50% of early PML 
cases (within 2 weeks of clinical PML diagnosis) using conventional MRI.18 In contrast to 
multiple sclerosis cortical grey matter pathology, cortical PML pathology consists of abundant 
small lesions affecting cortical layers III and IV but not involving the subpial cortical layer.33 
Frequent clinical presentations of natalizumab associated PML including cortical blindness, 
seizures and cognitive decline also strongly suggest cortical involvement. The expansion of 
subcortical PML lesions into the cortical grey matter crossing the grey–white matter junction is 
a rather frequent finding observed during disease evolution.34,35 However, lesions can also  
primarily originate in the cortical grey matter and secondarily expand into the adjacent  
juxtacortical white matter (Figure 5). Cortical grey matter onset of natalizumab-associated 
PML has also repeatedly been described in asymptomatic patients (Figure 4), whereas it  
is linked to clinical symptoms related to cortical disease (e.g. seizures) in symptomatic PML 
patients.16,36-38

Figure 2. Examples of natalizumab-associated progressive multifocal leukoencephalopathy (PML) manifestations in the posterior fossa. 
Upper row: axial (a) and sagittal (b) T2-weighted images showing a PML lesion in both cerebellar hemispheres (arrows) affecting also the 
dentate nucleus. Bottom row: axial T2-weighted (c) and sagittal fluid-attenuated inversion recovery (d) images showing a PML lesion in 
the pons including the brachium pontis. Imaging material kindly provided by Biogen Idec Inc. (Cambridge, Massachusetts, USA). 
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Figure 3. Axial (left) and coronal (right) T2-weighted images showing a natalizumab-associated progressive multifocal  
leukoencephalopathy (PML) lesion affecting the right deep grey matter structures including the putamen, globus pallidus and the  
thalamus (closed head arrows). In addition, the PML lesion shows spreading to the cortical grey matter and the infratentorial white matter 
(open head arrows). Imaging material kindly provided by Biogen Idec Inc. (Cambridge, Massachusetts, USA).

Figure 4. Axial T2-weighted magnetic resonance images of an asymptomatic multiple sclerosis patient treated with natalizumab  
presenting with progressive multifocal leukoencephalopathy (PML) lesions (arrows) in the cortical grey matter and adjacent juxtacortical 
white matter in both frontal lobes (top row). During follow-up, the lesion showed progression with white matter and cortical grey matter 
spread involving more parts of the white matter including the deep white matter structures. In addition, diffuse abnormal white matter 
lesions suggestive of diffuse demyelination due to JC virus infection occur.
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Figure 5. Axial T2-weighted (top row, middle row) and contrast-enhanced T1-weighted magnetic resonance images (bottom row)  
obtained in an acute natalizumab-associated progressive multifocal leukoencephalopathy (PML) stage (top row) and during follow-up 
(middle and bottom row) illustrating the PML lesion evolution and MRI features of PML-immune reconstitution inflammatory syndrome 
(IRIS) including progressive lesions with mass effect and contrast-enhancement (arrows). Please note that some of the PML-IRIS lesions 
show an enhancement pattern suggestive of perivascular inflammation (open head arrows).

Lesion characteristics
Natalizumab-associated PML lesions on MRI present with high signal intensity on  
T2-weighted/FLAIR images and a very low signal intensity on T1-weighted images (Figure 
1). However, in early disease stages such as in asymptomatic and acute PML patients, lesions 
may show an isointense or only slightly hypointense T1 signal intensity compared with the  
surrounding non-affected white matter (Figure 1). Lesions in the subcortical white matter show 
ill-defined borders toward the white matter and relatively sharply delineated borders toward 
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the adjacent cortical grey matter. In 30–40% of the patients with an early disease course of  
natalizumab-associated PML, contrast-enhancement of the PML lesions can be observed,  
suggesting inflammatory features and leading to the term inflammatory PML.18,19 The underlying  
histopathology and meaning of contrast-enhancement are not completely understood. It has 
been suggested that this might be already a presentation of PML-IRIS, as active PML and 
IRIS may occur simultaneously.39 However, contrast-enhancing lesions can be observed in 
acute PML and even in asymptomatic PML stages, questioning the concept of PML-IRIS  
manifestation as the underlying cause of inflammation.17,40 The interpretation of inflammation 
seen in a PML patient is crucial, as an incorrect interpretation in terms of inflammatory PML 
versus PML-IRIS differentiation may lead to the wrong treatment decision. A false-positive  
diagnosis of PML-IRIS leading to corticosteroid treatment in an inflammatory PML patient 
may impair the immune response and result in an unfavorable clinical outcome.41,42

Inside and adjacent to the main PML lesion, small punctiform lesions with an occasionally 
microcystic appearance on the T2-weighted images can be observed in 72% of the patients  
(Figure 1). In some patients, the lesion distribution of these small peri-lesional  
T2-hyperintensities shows a perivascular and star-like pattern named ’milky way  
appearance’ (Figure 1). Interestingly, these are also associated with contrast-enhancement and the  
development of PML-IRIS in later disease stages, suggesting the presence of an early  
immune response in the perivascular spaces, which is a prominent feature in PML-IRIS stages,  
histopathologically associated with a marked infiltration of T-cells in the perivascular  
spaces.18,34,43,44

Although the vast majority of PML lesions in early natalizumab-associated PML present as 
focal lesions, acute natalizumab-associated PML may also present with diffuse white matter 
demyelination, which is a rather frequent feature in later disease stages when the  
demyelination diffusely spreads in the white matter.45 In addition, this lesion type has  
substantial clinical relevance in terms of differential diagnosis because diffuse demyelination 
of the white matter on MRI (which has been labeled ‘dirty-appearing’ or diffuse abnormal  
white matter) is also a feature of multiple sclerosis disease particularly in later disease stages.46

Lesion evolution and PML-IRIS development
The evolution of natalizumab-associated PML lesions is strongly dependent on the disease  
stage (asymptomatic, symptomatic), the dissemination pattern (unilobar, multilobar,  
widespread) at the time of diagnosis and the patient management. Focal PML lesions show 
progression in terms of lesion size and lesion distribution, leading to lesion growth, expansion 
and a multifocal lesions dissemination pattern. PML white matter lesions may expand along 
white matter tracts such as the superior longitudinal fasciculus, the corpus callosum and the 
corticospinal tracts. Along such white matter tracts, PML lesions may cross the tentorium (via 
corticospinal tracts) and involve the contralateral hemisphere (via corpus callosum). In later 
disease stages, white matter involvement may become more diffuse without clearly visible  
lesion borders toward the non-affected white matter. In terms of lesion appearance, progressive 
demyelination due to the lytic infection of oligodendrocytes and astrocytes leads to a  
progressive decrease of T1-signal intensity (hypointensity) of PML lesions. In addition, the 
lesion characteristics become more heterogeneous showing small vacuoles/cavitations and 
(micro)cysts (Figure 1). However, (micro)bleeds are not visible. Neurodegenerative changes  
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in terms of grey and/or white matter atrophy are usually not present in the asymptomatic or  
acute symptomatic stages, but do occur during follow-up particularly after PML-IRIS and  
substantially influence clinical outcome measures.18-20,35,47,48

PML-IRIS does occur in almost all natalizumab associated PML patients within weeks or 
months after plasma exchange or immunoabsorption. Both procedures remove natalizumab and 
restore lymphocyte trafficking into the brain, which is associated with a disruption of the 
blood–brain barrier.43,47 Clinically, patients present with new clinical symptoms and/or  
worsening of existing clinical symptoms associated with progressive imaging findings of active 
inflammation including lesions growth, dissemination and contrast enhancement.20,35,36,47,49 In 
contrast to asymptomatic or acute symptomatic PML, the increase of PML lesion size during 
PML-IRIS can be associated with edema and mass effect (Figure 5). PML-IRIS frequently 
leads to substantial long-term sequelae exceeding the PML-induced tissue damage, also  
substantially affecting cortical and deep grey matter structures reflected by cortical laminar 
necrosis and severe cortical atrophy.20,47 However, the differentiation between PML-IRIS and 
reoccurrence of multiple sclerosis disease activity can be challenging, as acute multiple  
sclerosis inflammation particularly after natalizumab discontinuation can mimic PML-IRIS.50

Subtypes of PML
In addition to the classic and inflammatory PML manifestation, there have been disease  
subtypes of JCV infection described including JCV granule cell neuronopathy (GCN), a lytic 
infection of the cerebellar granule cells sparing the Purkinje cells and oligodendrocytes, and 
JCV encephalopathy caused by a lytic infection of the pyramidal neurons and astrocytes in the 
cortical grey matter and grey-white junction.51-53 However, these variants are very uncommon, 
and it is still a matter of debate whether these diseases reflect different disease entities or show 
certain aspects of histopathology overlapping with PML pathology. In patients treated with 
natalizumab, no case of JCV encephalopathy and only one single patient presenting with GCN 
has been described.54

The role of MRI in PML prognosis and natalizumab-surveillance

Data on the prognostic impact of MRI findings in natalizumab-associated PML in terms of  
clinical outcome measures are limited.55 MRI detection of PML early in the disease also  
demonstrates that patients with more localized disease, confined to a single lobe (unilobar 
disease) or contiguous lobes (multilobar disease), had a higher survival rate (85%) compared 
with those with widespread PML at the time of diagnosis (69%). Gadolinium enhancement 
at the time of PML diagnosis did not influence survival.18 However, we have to be aware 
that there are additional factors influencing the clinical outcome including the time point of  
diagnosis (asymptomatic versus symptomatic) and the clinical management of the patient.  
There are preliminary data from an experienced center that a clinical and MRI-based diagnosis 
in combination with professional patient management in terms of monitoring and treatment 
leads to a better outcome and survival compared with HIV-associated PML.56

In terms of the time of PML diagnosis, there is increasing evidence that a PML diagnosis by 
MRI in an asymptomatic stage is associated with a better outcome. Based on MRI  
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findings from 319 natalizumab-associated PML patients, the survival of asymptomatic  
natalizumab-associated PML (confirmed by detection of JCV detection in CSF) was 100%  
compared with a 69% survival rate in the 298 symptomatic natalizumab-associated patients 
(https//medinfo.biogenidec.com; accessed September 2013).37 Clinical outcome in terms of 
Karnofsky  score57 and Expanded Disability Status Scale (EDSS)58 were significantly better in  
asymptomatic PML patients.37 These data further support the suggestion that MRI has a  
valuable role in risk adapted natalizumab-surveillance programmes as a perfect screening tool 
for PML detection. The frequency of MRI monitoring should be risk-adapted with high fre-
quency (3–4 times per year) in JCV seropositive patients treated longer than 2 years. As natali-
zumab remains detectable up to 200 days after cessation of therapy inducing CD4 T-cell deple-
tion that persists over several months,59 it is worth noting that MRI surveillance should be 
continued for a considerable period of time after natalizumab discontinuation.60,61

Differential diagnosis
The differential diagnosis of new brain MRI lesions in patients treated with natalizumab  
(Table 2) includes a broad spectrum of diseases and has been extensively discussed  
recently.20 The most relevant question is whether a new lesion occurs because of multiple  
sclerosis disease activity or because of an opportunistic infection such as PML. In symptomatic 
PML patients, PML can usually be well differentiated, as PML lesions in such patients are  
larger and show ill-defined borders, whereas multiple sclerosis lesions are rather focal,  
relatively sharply delineated and are located in certain anatomic areas.62 However, in  
asymptomatic natalizumab-associated patients, PML lesions may present as small focal  
lesions indistinguishable from focal multiple sclerosis lesions. Perhaps new imaging techniques 
at higher magnetic field strengths using imaging techniques to identify the central vein in  
multiple sclerosis lesions, such as susceptibility-weighted imaging (SWI), can be helpful in 
these situations.63-65

In addition, other aspects of demyelinating lesions such as tumefactive idiopathic  
demyelinating lesions may mimic PML, particularly in patients after natalizumab  
discontinuation.66-68 In contrast to PML lesions, these lesions frequently show remyeli-
nation over time.66 Posterior reversible encephalopathy syndrome presenting with large  
lesions on T2-weighted and FLAIR images has been observed during natalizumab treatment.69  
However, the follow-up showing an involution of the vasogenic edema including the clinical  
symptomatology (hypertension) should lead to the correct diagnosis.

Although PML is the most relevant opportunistic infection in natalizumab-treated patients, 
other opportunistic infections such as viral (e.g., herpes, varicella), bacterial, fungal and  
parasitic infections may occur and should be considered in the differential diagnosis.28,29,70,71
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Table 2. Overview and basic imaging findings of natalizumab-associated PML differential diagnosis.

Differential diagnosis  Imaging findings                                                      
Multiple sclerosis Focal lesions with (relatively sharp borders)
   Smaller lesion size compared to PML lesions
   Localized in certain anatomic regions
   Perivascular/perivenous distribution
   Contrast-enhancement in acute lesions
   – Ring like
   – Patchy
   – Homogeneous
  Lesions can show remyelination     

ADEM  Large and multifocal lesions
   T1-isointense
   Frequent deep grey matter localization
   Spinal cord involvement
   (Partial) regression, may convert to multiple sclerosis

Tumefactive demyelination Large lesion occasionally with mass effect
(particularly after natalizumab discontinuation) Contrast-enhancement: Open ring sign
   Show frequently remyelination 

PRES  Large, bilateral lesions
(associated with suggestive clinical symptoms such as hypertension) Showing signs of vasogenic edema (DWI)
   Regression without sequelae

Viral infections (e.g., varicella)  Broad spectrum of imaging findings 
  Focal lesions occasionally large
   Diffusion restriction on DWI
   Patchy and mild contrast-enhancement
   Anatomic regions atypical for PML  
  (e.g., spinal cord, posterior fossa, basal ganglia)

Abbreviations: ADEM=acute disseminated encephalomyelitis, DWI=diffusion-weighted imaging, PML=progressive multifocal  
leukoencephalopathy, PRES=posterior reversible encephalopathy syndrome.

 

Conclusion

Natalizumab-associated PML heralds a new era of PML imaging characteristics, showing  
heterogeneous and fluctuating imaging appearances, which makes the diagnosis rather  
challenging, particularly in early disease stages. Nevertheless, MRI is the most sensitive  
diagnostic method in the diagnosis of natalizumab-associated PML and has become the most 
relevant screening method in drug surveillance programmes. The knowledge of the imaging 
characteristics including relevant differential diagnosis and the use of dedicated MRI protocols 
within risk-adapted MRI surveillance programmes will most likely further increase the number 
of early detected natalizumab-associated PML in asymptomatic patients and hopefully lead to 
a better survival and functional outcome. High quality teaching activities such as e-learning  
platforms (http://ms-pml.org) are necessary to improve the rate of PML detection at an  
early stage. Although the data presented in this review article are derived from studies and  
experiences with natalizumab associated PML, they might also have some implications for 
PML lesion detection associated with other drugs and agents approved for the treatment of 
multiple sclerosis.72,73
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Abstract

Objective 
To investigate the magnetic resonance imaging (MRI) manifestation pattern of asymptomatic 
natalizumab-associated progressive multifocal leukoencephalopathy (PML) in patients with 
multiple sclerosis (MS).

Methods 
18 MS patients with natalizumab-associated PML lesions on MRI were included. In 6  
patients, the PML lesions were identified on MRI prospectively and in 12 patients PML lesions 
were identified retrospectively. MRI sequences were analyzed for PML lesion distribution, 
appearance, grey matter/white matter involvement, and possible signs of inflammation. Lesion 
probability maps (LPM) were created to demonstrate lesion distribution pattern.

Results 
The frontal lobe was involved in 14 patients (77.8%) and the parietal lobe in 4 patients (22.2%).  
Most patients presented with focal lesions (13 patients, 72.2%) involving one single lobe  
(12 patients, 66.7%). The cortical grey matter was affected in 15 patients (83.3%) and  
13 patients (72.2%) presented with a combination of cortical grey and white matter  
involvement. Signs of inflammation were detected in 7 patients (38.8%). Among patients with 
available diffusion-weighted imaging, 6 patients (40%) did not show high-signal-intensity  
lesions. A classical imaging pattern including unilateral and unilobar focal lesions in the  
frontal lobe affecting the cortical grey matter or the cortical grey and adjacent white matter was  
observed in 8 patients (44.4%).

Conclusions 
Asymptomatic natalizumab-associated PML manifestations on MRI show a rather localized 
disease, frequently located in the frontal lobes affecting the cortical grey matter and adjacent 
juxtacortical white matter. Awareness of this lesion pattern facilitates an earlier diagnosis 
of natalizumab-associated PML in an asymptomatic stage associated with a more favorable  
prognosis.
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Introduction

Natalizumab is a monoclonal antibody against α4-integrin approved for the treatment of  
relapsing multiple sclerosis (MS) with beneficial effects on clinical and MRI outcomes.1,2  

A serious side effect of natalizumab treatment is the occurrence of progressive multifocal  
leukoencephalopathy (PML), an opportunistic infection of the central nervous system (CNS) 
due to reactivation and replication of JC virus (JCV).3,4

As of February 4, 2014, a total of 437 cases of natalizumab-associated PML have been  
documented in more than 100,000 treated MS patients.5 The diagnosis of PML is based on the 
clinical presentation, the identification of JCV DNA in the CNS (e.g., in the cerebrospinal fluid) 
and imaging findings preferably on magnetic resonance imaging (MRI).6,7 Compared to other 
PML populations, the imaging findings in natalizumab-associated PML have been described as 
heterogeneous and fluctuating.8-11 However, MRI has high sensitivity in the detection of PML 
lesions and is able to detect PML pathology months before first symptoms occur, with lesions 
demonstrated prospectively or retrospectively on MRI scans obtained several months before 
clinical symptoms of PML became apparent.12–19 

It has been shown that the detection of natalizumab-associated PML in an asymptomatic stage 
is associated with a better survival and functional outcome compared to those patients being 
symptomatic at the time of diagnosis.18 Therefore, it is crucial to increase the number of  
patients diagnosed in an asymptomatic stage by using MRI in drug surveillance programs. 
Recent case series have summarized the imaging findings in symptomatic  
natalizumab-associated PML patients trying to identify involvement patterns.8,9 However, the 
imaging findings in asymptomatic patients are rather subtle and difficult to interpret and have 
never been systematically analyzed so far.    
    
The aim of this study is to investigate the MRI findings of natalizumab-associated PML in 
an asymptomatic stage and try to identify MRI patterns which could aid in establishing an  
asymptomatic PML diagnosis probably leading to a more favorable patient outcome.

Methods

Standard protocol approvals, registrations, and patient consents
The study was approved by the local institutional review board and written informed consent 
for the use of the clinical and imaging data in research and education was obtained from all 
participants.

Patient selection
The patients were selected from two different data sets. The first data set (Data set 1, Figure 1) 
included 32 natalizumab- treated patients who had been diagnosed with PML between 2004 
and 2008 in a post marketing setting and identified by the US Food and Drug Administration 
safety information and the adverse event reporting program MedWatch (http://www.fda.gov./
ForConsumers/ConsumersUpdates/ucm107970.htm). The imaging material as well as the  
demographic and clinical information was provided by Biogen Idec. This data set has been used 
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previously to describe the basic imaging pattern and the functional outcome of acute  
natalizumab-associated PML patients.8,9,18 The second data set (Data set 2, Figure 1) included 
data prospectively collected from the Dutch natalizumab-associated PML cohort consisting of 
22 patients. Three prospective asymptomatic PML patients have been described previously in 
a case series focusing on the challenge diagnosing asymptomatic natalizumab-associated PML 
according to the AAN diagnostic criteria.20 In all cases, the PML diagnosis including the  
imaging studies and CSF analysis was made by a referring local neurologist being  
responsible for the treatment and monitoring of each patient and all patients have been  
classified according to the AAN PML diagnostic criteria.6

Inclusion criteria were applied according to a recent published expert panel on MRI in  
natalizumab-associated PML9: Showing no symptoms suggestive of PML while PML lesion(s) 
were visible on MRI. The availability of Digital Imaging and Communication in Medicine 
(DICOM) imaging data with sufficient image quality of the MR images. The definition of 
asymptomatic natalizumab-associated PML was:  

1. Prospective detection of asymptomatic PML lesions: PML lesions prospectively detected 
on MRI compared to a previous MRI scan during natalizumab-surveillance for PML 
screening while the patient does not show any clinical symptoms suggestive of PML.  

2. Retrospective detection of asymptomatic PML lesions: patients with symptomatic  
natalizumab-associated PML showing lesions suggestive of PML on (historical) MR 
images obtained before clinical symptoms suggestive of PML were apparent.

MRI protocol
All patients underwent a multi-sequence MRI protocol with diverging sequences, magnetic 
field strengths, acquisition parameters and parameters related to spatial resolution.  
Fluid-attenuated inversion-recovery (FLAIR) and T2-weighted MR images were available in 
all patients. Diffusion weighted images (DWI) and contrast-enhanced T1-weighted images 
were available in 15 patients (83.3%). In a given patient, similar MR images were available 
before and/or after the onset of the PML lesion.

Image analysis
All images were analyzed by an experienced neuroradiologist with special expertise in the field 
of inflammatory diseases of the CNS. All MR images were presented in a digital fashion on 
workstations. The scoring scheme of the PML lesions included the location (frontal lobe,  
parietal lobe, occipital lobe, temporal lobe, basal ganglia, infratentorial), involvement of the 
tissue types (white matter only, grey matter only, mixed grey matter/white matter, deep  
grey matter), distribution (unilobar, multilobar, widespread, unilateral, bilateral), lesion  
characteristics (focal: one or two focal lesions, multifocal: three or more focal lesions,  
confluent: lesions with a confluent appearance, diffuse: lesions with characteristics of diffuse 
abnormal white matter), and signs of inflammation (contrast enhancement, small lesions in the 
vicinity of the main lesion as described earlier).9 The lesion distribution categories were  
defined as follows: unilobar (confined to one lobe), multilobar (involving two or more  
contiguous lobes), widespread (involving two or more non-contiguous lobes and/or present in 
both hemispheres). 
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The rating of the PML lesions was based on T2-weighted and FLAIR images. The signs of  
inflammation were scored on T2-weighted (small lesions in the vicinity of the main lesion)  
and contrast-enhanced T1-weighted images. In addition, DWI was separately evaluated for 
high-signal-intensity lesions suggestive of PML.    

Lesion probability map 
A lesion probability map (LPM) was constructed to obtain a visual representation of the  
distribution of the asymptomatic PML lesions as follows: First, for each patient, a PML lesion 
mask was determined manually using MIPAV software (http://mipav.cit.nih.gov/) using the 
T2-weighted or FLAIR image. Then, the Brain Extraction Tool (BET) was used to extract the 
brain (part of FMRIB Software Library (FSL) 5.0.4, http://www.fmrib.ox.ac.uk/fsl).21  
Subsequently, the brain extracted image of each patient was linearly registered to MNI152 
standard space using FLIRT (also part of FSL) with the correlation ratio as the cost function.22 
The resulting transformations and nearest neighbor interpolation were used to transform the 
lesion masks to standard space. An LPM was obtained by accumulating all registered lesion 
masks. 

Figure 1. Flow chart demonstrating patient enrolment (PML=progressive multifocal leukoencephalopathy).

Results

Patient’s characteristics
A total number of 18 asymptomatic patients with PML lesion(s) on MRI met the inclusion 
criteria and were included in this study. In six patients, the asymptomatic PML diagnosis was 
established prospectively and in 12 patients MRI lesions suggestive of PML were detected  
retrospectively before clinical symptoms suggestive of PML occurred. Five patients in the  
prospective asymptomatic PML group fulfilled the AAN diagnostic criteria of probable PML 
(positive MRI findings and detection of JCV in the CSF). One asymptomatic patient in this 
prospective group with MRI lesions highly suspicious of PML had no detectable JCV DNA in 
the CSF and did formally not fulfill the AAN diagnostic criteria of probably or possible PML 
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(not PML). However, the clinical and imaging follow-up demonstrated a classical PML-IRIS 
manifestation (based on clinical and imaging findings as recently described)3,10,11 confirming 
the diagnosis of possible PML (symptomatic and imaging findings suggestive of PML) at a 
later disease stage. The clinical manifestations and MRI findings of this particular patient and 
two other prospective asymptomatic PML patients have been described in detail previously.20 

Ten patients of the retrospective PML cases fulfilled the AAN diagnostic criteria definite PML 
and two patients fulfilled the criteria of possible PML (no JCV DNA detected in the CSF) at the 
time of PML diagnosis at the later symptomatic stage. All patients in whom retrospectively 
MRI lesions suggestive of PML were detected before clinical symptoms occurred presented 
with clinical symptoms at the time the PML diagnosis was established. The detailed patient’s 
characteristics are presented in Table 1.
 
Table 1. Patient’s characteristics

Patient’s characteristics                                                       
Overall
                      Number                                   18
                      Age (years, mean)                                                                      44 (SD 8) 
                      Gender (male/female)                                                                7/11
                      Disease duration (years, mean)                                              14 (SD 5)
                      Natalizumab treatment duration (doses)                             43 (SD 18)        

Prospective PML detection*
                   Number                              6
                      Age (years, mean)                                                                      41 (SD 4)                                                                    
                      Gender (male/female)                                                                 2/4
                      Disease duration (years, mean)                                               15 (SD 3)
                      Natalizumab treatment duration (doses)                              50 (SD 22)       

Retrospective PML detection
                      Number                                   12
                      Age (years, mean)                                                                      47 (SD 9)                                                                                   
                      Gender (male/female)                                                                 5/7
                      Disease duration (years, mean)                                               14 (SD 7)                                                                             
                      Natalizumab treatment duration (doses)                              40 (SD 15)  
                      Time before PML symptoms (days)                                        78 (SD 58) 

Abbreviations: PML=progressive multifocal leukoencephalopathy, SD=standard deviation. 
* PML diagnosis based of the AAN PML diagnostic criteria6

* Data on PML symptoms in the prospective PML group is not given because it is speculative whether the symptoms during follow-up  
 were based on PML, PML-IRIS manifestation and/or PML treatment side effects.

Imaging findings
The detailed imaging findings are presented in Table 2. The frontal lobe was involved in the 
majority of the patients (14 patients, 77.8%) followed by the parietal lobe (4 patients, 22.2%).  
Most patients presented with a more localized disease involving one single lobe (12 patients, 
66.7%), whereas 5 patients (27.8%) showed a widespread involvement, and one patient presen-
ted with a multilobar (5.6%) lesion distribution. Among the 5 patients with a widespread lesion  
distribution, 2 presented with a bilateral frontal lobe and one patient with a bilateral posterior 
fossa involvement. The remaining 2 patients showed bilateral lesion manifestations involving 
both the frontal and parietal lobes. The majority of patients (13, 72.2%) presented with focal 
lesions and 5 patients (27.8%) with confluent lesions. The cortical grey matter was affected in 
15 patients (83.3%) and the white matter in 15 patients (83.3%). The majority of patients  
(13, 72.2%) presented with a combination of cortical grey and white matter involvement.  
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Signs of inflammation (either small punctuate lesions in the vicinity of the main lesions or 
contrast-enhancing lesions) were seen in a considerable number of patients (7 patients, 38.9%). 
Taken together, the most frequent imaging pattern was a unilobar focal lesion distribution in the 
frontal lobe affecting the cortical grey matter or the cortical grey and adjacent white matter, as 
observed in 8 patients (44.4%) (Figure 2). In those patients with small focal lesions on MRI, 
these lesions were located in the cortical grey matter or in the cortical grey matter-white matter 
junction (Figure 1). Among the 15 patients with DWI sequences available at the time of PML 
lesion manifestation on MRI, 6 patients (40%) did not show high signal intensity in the area of 
the PML lesion(s) visible on T2-weighted and/or FLAIR sequences.   

Lesion probability map
The LPM showed clustering of PML lesions in the frontal lobe and to a minor degree in the 
parietal lobe. Most of the lesions were located in the peripheral areas of the subcortical white 
matter, and extended to the juxtacortical white matter and the adjacent cortical grey matter 
(Figure 3). More central or infratentorial white matter structures where less frequently  
involved.

Table 2. Detailed overview of imaging findings.

 Imaging characteristics  Number of patients (%)

Location
                      Frontal lobe  14 (77.8%)
                      Parietal lobe 4 (22.2%)
                      Occipital lobe  1 (5.6%)
                      Temporal lobe  1 (5.6%)
                      Basal ganglia 1 (5.6%)
                      Infratentorial 1 (5.6%)      

Involvement of the brain tissue
                     White matter only 2 (11.1%)
                      Cortical grey matter only 2 (11.1%)
                     Mixed cortical grey matter/white matter 13 (72.2%)
                      Deep grey matter 1 (5.6%)     

Lesion distribution
                      Unilobar     12 (66.7%)
                      Multilobar 1 (5.6%)
                      Widespread 5 (27.8%)
                      Unilateral 13 (72.2%)
                      Bilateral  5 (27.8%)

Lesion characteristics
                      Focal 13 (72.2%)
                      Multifocal –
                      Confluent  5 (28.8%)
                      Diffuse –

Signs of inflammation
                      Contrast enhancement  2 (13.3%)*
                      Small (perivascular) lesions  7  (38.9%)
                      Both  2 (13.3%)*

High signal intensity on Diffusion-weighted-imaging 
                      Yes  9 (60%)*                           
                      No  6 (40%)*    

*15 patients with available diffusion-weighted-imaging and contrast-enhanced T1-weighted images.
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Figure 2. Examples of MRI findings in asymptomatic patients with natalizumab-associated PML (left column) and the lesion evolution 
during follow-up after the patients has become symptomatic (right column). Top row: Axial FLAIR images showing lesions in the left 
frontal lobe affecting the subcortical white matter, juxtacortical white matter and the adjacent cortical grey matter. At the asymptomatic 
stage the lesion distribution was classified as unilobar (left). MRI performed at the symptomatic stage (right) showed lesion progression 
particularly in the deep white matter and the occurrence of new lesions in the contralateral hemisphere (closed head arrows). At that 
stage the PML lesion dissemination was classified as widespread. Middle row: Axial FLAIR images showing PML lesions predominantly 
affecting the juxtacortical white matter and adjacent cortical grey matter of both frontal lobes (arrows). Even at the asymptomatic stage, 
the PML lesion dissemination had to be classified as widespread. After becoming symptomatic, the patient showed lesion progression in 
both frontal lobes also affecting substantial parts of the deep white matter (right). Bottom row: Axial T2-weighted MRI of an asymptomatic 
PML patient developing a small PML lesion in the juxtacortical white matter and the adjacent cortical grey matter (arrows),  
indistinguishable from focal MS lesions. After developing symptoms, the lesion showed progression with cortical grey matter spreading 
and pronounced involvement of the adjacent white matter.
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Figure 3. Lesion probability map (LPM) in the axial (middle), coronal (left) and sagittal (right) orientation displaying the spatial  
distribution of natalizumab-associated asymptomatic PML lesions in MNI space (x=67, y=126, z=128). Lesions occur in a rather localized 
pattern, particularly involving the juxtacortical white matter and cortical grey matter of the frontal and to a lesser extent of the parietal 
lobe.

Discussion

Compared to the available imaging data obtained from symptomatic natalizumab-associated 
PML patients, this is the first study describing the imaging pattern in patients being  
asymptomatic when MRI lesions suggestive of PML were detected. The clinical relevance of 
identifying PML lesions on MRI in asymptomatic patients has been stressed by recent data 
suggesting a more favorable outcome in terms of survival and functional outcome measures 
such as Expanded Disability Status Scale (EDSS) and Karnofsky performance scale 
(KPS).18,23,24 Our data suggests an imaging pattern that includes a frequent PML lesion  
manifestation in the frontal lobe, involving subcortical and juxtacortical white matter structures 
but also quite frequently the adjacent cortical grey matter. Occasionally, particularly in patients 
presenting with very small lesion, a PML onset exclusively located in the cortical grey matter 
can be observed. The involvement of cortical grey matter in natalizumab-associated PML has 
been highlighted by previous case studies.10,25,26 In a case series including 22 patients with 
natalizumab-associated PML, cortical involvement was identified in 50% of the patients.9  

However, the topic of grey matter involvement in PML has been neglected for a long time. 
Fortunately, several histopathological studies have conclusively demonstrated that cortical  
pathology in terms of neuronal infection and cortical demyelination are important features in 
PML or JCV infection in general.27-32 This is also reflected by subtypes of JCV infection such 
as granule cell neuropathy and JCV associated encephalopathy.29,32,33 In other words, PML is 
not a white matter disease as the term “leukoencephalopathy” might suggest.               

Compared to symptomatic PML in which the lesion dissemination tends to involve multiple 
lobes affecting both hemispheres, asymptomatic PML patients present more frequently with a 
rather localized disease with unilobar and focal lesion which can be confirmed by our  
dataset.18 However, interestingly some asymptomatic patients might present with widespread 
disease. Looking in more detail, some of these patients classified as widespread PML do have 
a rather localized disease involving one lobe in both hemispheres. In our dataset, two of the five 
patients with widespread PML had single lobe (frontal lobe) involvement of both hemispheres, 
and one patient involvement of both cerebellar hemispheres.  
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Compared to other PML patient populations, contrast-enhancement can be observed quite  
frequently in natalizumab-associated PML, occurring in about 30% of cases at the time of  
diagnosis and can be the leading imaging sign in asymptomatic patients.8,12,34 The significance 
of this enhancement in terms of whether it reflects an inflammatory PML subtype or already a 
first stage of PML-IRIS is still a matter of debate.10,34 A second sign of possible inflammation 
consisting of small punctiforme lesions in the vicinity of the main PML lesion associated with 
contrast-enhancement and possible PML-IRIS manifestation has been introduced.9 Signs of 
inflammation, either contrast-enhancement or small punctiform lesions, were observed in 
38.9% of the patients stressing the fact that inflammation can already be observed at the earliest 
stage of PML.

It has been suggested that DWI is a suitable method in the detection of acute demyelination in 
PML leading to swelling of oligodendrocytes and astrocytes which is reflected by high DWI 
signal intensity.35 In acute natalizumab-associated PML stages almost all PML lesions show a 
high signal intensity which has led to the assumption that DWI might be a good screening  
sequence in the context of MRI surveillance for the detection of PML lesions in asymptomatic 
patients.8,9 However, DWI can be negative in asymptomatic natalizumab-associated PML  
patients. In our patients with available DWI sequences, 40% did not show high signal intensity 
DWI lesions in the area of the PML lesions on the T2-weighted and/or FLAIR images. This can 
be explained by the smaller size of PML lesions in these asymptomatic patients or the lesion 
location (at least to a fractional extent) in the cortical grey matter with an intrinsic high  
cellularity. In addition, in very early (asymptomatic) PML stages the degree of oligodendrocytic 
and astrocytic damage is presumably milder compared to the tissue damage in symptomatic 
patients.

The above discussed imaging features of asymptomatic natalizumab-associated PML patients 
have considerable consequences for current and future concepts of natalizumab-surveillance 
even months after the natalizumab-treatment has been discontinued.36,37 It is important to  
realize that we are dealing with a more localized disease on MRI which can be  
indistinguishable from MS disease activity. Small focal PML lesions can share major imaging 
features with MS lesions, particularly small lesions in the juxtacortical white matter and/or 
cortical grey matter. Although (cortical and juxtacortical) PML lesions show some differences 
compared to MS lesions in terms of histopathology,31 these differences can be hardly assessed 
at an asymptomatic stage on standard MR sequences. In addition, DWI can be of limited value 
in these lesions. Given that fact the also the JCV DNA detection in CSF can be negative in 
these cases, the diagnosis of PML at an asymptomatic stage can be even more difficult to  
establish. Therefore, dedicated guidelines, algorithms and diagnostic tests such as the CSF-JCV 
antibody index are required in order to manage this diagnostic challenging situation.38

A limitation of our study is the rather small sample size of asymptomatic PML patients and the 
study design of analyzing data obtained from a prospective and retrospective data collection. 
However, since asymptomatic lesions are visible in the minority of natalizumab-associated 
PML cases, we think that this approach is justified in order to create a sufficient dataset without  
influencing or biasing the conclusion of the results. Another limitation might be not having  
performed a comparison between asymptomatic and symptomatic PML lesions. However, 
symptomatic lesions are usually larger involving several lobes. Therefore, we think that the 
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approach of identifying a lesion pattern including a lesion probability map in symptomatic 
PML patients has limited relevance and has already been published.9

In conclusion, the MRI manifestation pattern of asymptomatic natalizumab-associated PML 
follows an imaging pattern frequently showing a rather localized lesion distribution involving 
the juxtacortical white matter and cortical grey matter structures of the frontal and parietal lobe. 
This knowledge of the lesion manifestation in these patients is of special clinical relevance 
since it likely aids in the diagnosis of natalizumab-associated PML at an asymptomatic stage 
leading to a higher survival rate and improved functional outcome.
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Abstract

The diagnosis of natalizumab-associated progressive multifocal leukoencephalopathy (PML) 
in multiple sclerosis (MS) patients in an asymptomatic stage is crucial since it is associated 
with better clinical outcome measures. Current diagnostic criteria on PML diagnosis in  
asymptomatic patients require the detection of JC virus and corresponding imaging findings. 
Magnetic resonance imaging (MRI) is the most sensitive diagnostic method for these purposes. 
However, the diagnosis of asymptomatic natalizumab-associated PML based on MRI findings 
can be challenging particularly in case of inconclusive or negative results on JC virus detection 
in the cerebrospinal fluid. In this report, we present a case series demonstrating different  
diagnostic scenarios of asymptomatic PML diagnosis based on MRI findings in combination 
with inconclusive or negative results on JC virus detection in the cerebrospinal fluid.  
We discuss the challenges of applying current PML diagnostic criteria in asymptomatic  
natalizumab-associated PML patients and stress the need for specific diagnostic criteria and 
guidelines how to manage these diagnostic dilemmas in order to facilitate an early and correct 
diagnosis of PML presumably leading to a better clinical outcome.
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Introduction

Progressive multifocal leukoencephalopathy (PML) is an adverse event in patients treated 
with natalizumab (Biogen Idec, Cambridge, MA), a monoclonal antibody against α4-integrin  
approved for the treatment of relapsing MS.1 Current diagnostic criteria on PML diagnosis 
established by the American Academy of Neurology (AAN) and others include the presence of 
three key criteria: a clinical presentation suggestive of PML, JCV DNA detection in the CSF or 
brain tissue by electron microscopy, immunohistochemistry, or (quantitative) polymerase chain 
reaction (qPCR), and magnetic resonance imaging (MRI) findings.2,3 

In the setting of natalizumab-induced immunosuppression, PML shows rather heterogeneous 
imaging findings. However, MRI is a highly sensitive method in the detection of PML lesions 
even months before clinical symptoms occur.4-9 The term asymptomatic or presymptomatic 
natalizumab-associated PML has been coined describing this particular PML stage with a  PML 
lesion visible on MRI but without any associated clinical symptoms.9,10 This high sensitivity of 
MRI in the detection of PML lesions has led to the incorporation of MRI as a PML screening 
tool in surveillance programmes in order to detect PML in an asymptomatic stage leading to a 
better clinical outcome.9,10

The diagnosis of natalizumab-associated PML in an asymptomatic stage can be challenging 
since the AAN PML diagnostic criteria state that the diagnosis of definite PML is impossible 
without suggestive clinical symptoms. The diagnosis of probable PML requires the detection of 
JCV DNA in combination with positive MRI findings. Since brain biopsy reflects not an option 
in asymptomatic patients presenting with small MRI lesions, the diagnosis of probable and 
possible PML in asymptomatic patients is impossible without JCV DNA detection in the CSF.2
 
In this report, we present a case series demonstrating three different diagnostic scenarios in the 
context of PML diagnosis in asymptomatic stages and discuss the challenges of applying the 
diagnostic criteria in patients with asymptomatic natalizumab-associated PML. 

Case series

This case study has been approved by the appropriate ethics committee and have therefore 
been performed in accordance with the ethical standards laid down in the 1964 Declaration of 
Helsinki and its later amendments. Written informed consent of the patients allowing the use 
of clinical and imaging material was obtained from all participants. All cases were obtained 
from the local natalizumab-surveillance program at the Rijnstate Hospital Arnhem and the VU  
University Medical Center Amsterdam including MRI monitoring of initially 80 patients  
(positive JCV serostatus, treatment duration longer than 12 months) every three months. The 
MRI protocol included at least an axial T2-weighted, fluid-attenuated inversion recovery 
(FLAIR) and a diffusion-weighted sequence. 

Case 1
A 32 year-old woman was diagnosed with relapsing MS in 2000 and interferon-β-1a  
subcutaneously was initiated within months from diagnosis. Because of ongoing disease  
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activity, therapy was switched to natalizumab in November 2008 (EDSS 4.0). The stratified 
JCV test (unilabs, Denmark) showed a positive JCV serostatus in December 2011. In March 
2013, a routine MRI performed according to our local drug surveillance program showed new 
lesions in the cortical grey matter and subcortical white matter of the right and left  
frontal lobe highly suggestive of PML (Figure). At that time, she did not have any neurological  
symptoms. qPCR on JCV DNA was positive in our local laboratory but negative at the Focus 
Diagnostics laboratory (Cypress, CA) (http://www.focusdx.com/focus/ 1reference_laboratory/
search_frame.asp?f=10). Testing at the US National Institute of Health (NIH)11 Laboratory of 
Molecular Medicine and Neuroscience has not been performed. Mainly during the IRIS phase 
she developed an increase of symptoms: dysarthria, hemiparesis, ataxia and tremor of the left 
sight of her body. The IRIS was treated with steroids. During the months after the PML-IRIS 
she slowly recovered to some extent. Treatment with glatiramer acetate was started. Her current 
EDSS is 6.   

Case 2
A 40-year-old woman was diagnosed with relapsing MS in May 2010. At the age of 21, she  
was diagnosed with idiopathic thrombocytopenic purpura for which she had used  
cyclophosphamide in the past. In December 2010, she started interferon-β-1a therapy. Due to 
ongoing disease activity and despite positive JCV serostatus (stratified JCV test, Unilabs,  
Denmark) treatment was switched to natalizumab in January 2012 (EDSS 3.5). In January 
2013, a routine MRI scan was performed according to the local surveillance program and  
showed a new lesion in the subcortical white matter and adjacent cortical grey matter of the 
right frontal lobe (Figure), highly suggestive of PML. At that moment, she did not have  
neurological symptoms. There was no JCV DNA detected by qPCR in the CSF in our local 
laboratory, nor in the laboratory of Focus Diagnostics and NIH. The MRI findings were  
sufficiently convincing to discontinue natalizumab-treatment and start immunoabsorption (IA). 
Since the MRI lesion characteristics were conclusive in terms of PML imaging criteria,  
additional CSF samples were not acquired during follow up. In addition to the conclusive MRI 
lesion characteristics, the PML diagnosis was further confirmed by clinical and MRI follow-up  
demonstrating a PML-IRIS five weeks after IA. Her main problems were cognitive complaints 
and instability with walking. The IRIS was treated with steroids. She largely recovered during 
follow-up. Glatiramer acetate was started and until now no relapse has occured. Her recent 
EDSS is 4.0

Case 3
A 39 year-old woman, who was diagnosed with relapsing MS 13 years before, had 
started to use natalizumab in May 2009 after treatment failure of interferon-beta-1a,  
immunoglobulins and methylprednisolone. Her EDSS at that time was 3.5. The Stratify JCV test 
(unilabs, Denmark) was positive for antibodies against the JC virus in November 2011. After 
48 months of treatment, during which the disease completely stabilized, a routinely performed 
brain MRI according to the local surveillance program showed two new small T2 lesions in the  
subcortical white matter of the left frontal lobe that could be suggestive of PML (Figure). She 
had no new clinical symptoms at that time and her EDSS was 2.0. Natalizumab was immediately  
discontinued without additional IA or plasmapheresis (PLEX). The qPCR for JCV DNA in the 
CSF was negative two times at the FOCUS and the NIH laboratory. A brain MRI one month 
later showed a slight increase in size of the T2 lesions further supporting our suspicion of PML. 
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A third CSF sample was obtained and the qPCR with negative results at the FOCUS and our 
local laboratory. The qPCR analysis in the NIH laboratory was initially inconclusive. After a 
second analysis one week later, a positive qPCR result (24 copies/ml JCV DNA) was reported. 
During follow up the patient developed an IRIS which was treated with steroids. Five months 
after the beginning of the IRIS the patient had an  MS relapse. Treatment with fingolimod was 
started. Her current EDSS is 3.0.

Figure. Axial T2-weighted (A-C) and post-contrast T1-weighted MR images (D) of the three patients presenting with lesions suggestive of 
PML. The initial MR features of the PML lesions (B) compared to prior (baseline) MRI without evidence of PML (A) were variable. The first 
and second case showed linear lesions in the cortical grey matter and subcortical white matter of the right frontal lobe as well as in the 
contralateral hemisphere in Case 1 which are not consistent with MS lesion features and highly suggestive of PML (closed head arrows). 
Case 3 presented with a small focal lesion (3 mm in size) in the subcortical white matter of the left insula (closed head arrow). Follow-up 
images at the stage of PML-IRIS (clinically and radiologically) showed the typical MRI pattern of PML lesion progression with progressive 
involvement of the cortical grey but particularly also in subcortical white matter including diffuse demyelination (Case 1, C, open head 
arrow) on the T2-weighted images (C). The post-contrast T1-weighted MR images (D) show typical contrast-enhancement suggestive of 
PML-IRIS (open head arrows).    
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Discussion

This case series on asymptomatic natalizumab-associated PML represents three challenging  
situations in the decision-making process of the PML diagnosis. During the asymptomatic  
stage, most patients present with new focal and occasionally small lesions on MRI and the 
detection of JCV DNA in the CSF by qPCR is helpful to confirm the MRI findings suggestive 
of PML but also crucial for making the diagnosis of probable PML according to the AAN PML 
diagnostic criteria. However, our case series demonstrates that qPCR results on JCV DNA in 
the CSF can be inconclusive across different laboratories or may be negative even in the NIH 
laboratory with the highest diagnostic sensitivity11 requiring multiple testing and dangerously 
delaying the diagnostic process. In addition, results of follow-up JCV DNA in the CSF may 
even remain negative as has been described in symptomatic natalizumab-associated PML.12 

MRI is essential in the clinical setting of asymptomatic PML diagnosis. Even in the  
asymptomatic stage, PML lesions on MRI frequently show characteristic patterns as they 
are documented in symptomatic natalizumab-asscociated PML cases like shown in Case 1  
and 2.4-9 The results of JCV DNA in the CSF may be inconclusive or (initially) negative 
and in these cases we are formally not able to make diagnosis of probable or even possible 
PML according to the current PML diagnostic criteria; the correct interpretation of the MRI  
findings, however, will help us in the decision making process in terms of natalizumab-treatment  
discontinuation and initiating immune reconstitution by PLEX/IA. 

In patients presenting with small new focal MRI lesions without lesion characteristics that  
clearly differentiate between new MS and PML lesions as shown in Case 3 we are entering a 
dangerous territory of diagnostic uncertainty. Once again, we are formally not able to make the 
diagnosis of PML according to the diagnostic criteria. In addition, new MRI lesions may reflect 
MS disease activity rather than PML. Brain biopsy is not an option and repeating CSF testing 
may delay the process leading to an unwanted PML disease progression. Since natalizumab can 
be considered a very effective drug particularly in patients treated longer than two  
years, we think that in clinical practice every new focal MRI lesion in JCV seropositive patients 
treated longer than two years has to be considered as suggestive of PML leading to  
natalizumab discontinuation and PML diagnostic work-up including CSF analysis. In our view, 
in the case of negative CSF results on JCV DNA detection and conclusive MRI findings in 
terms of PML lesion characteristics, no additional CSF samples and testing are mandatory to 
confirm the diagnosis of possible PML. However, the decision-making process should be  
committed to experienced physicians since a false positive PML diagnosis in this situation with 
unjustified treatment discontinuation and immune reconstitution can lead to a severe rebound 
of MS activity. The situation becomes even more complicated after natalizumab- 
discontinuation and the initiation of other immunomodulating/immunosuppressive drugs.13,14 
Therefore, there is a need for dedicated consensus guidelines and algorithms on how to manage 
these diagnostic issues. In addition, we need dedicated diagnostic criteria for the diagnosis of  
asymptomatic natalizumab-associated PML stressing more the crucial role of MRI and  
possibly including additional diagnostic tests next to the JCV DNA detection in the CSF by 
qPCR such as the JCV CSF antibodies index measurements.15
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In summary, this case series demonstrates the diagnostic dilemmas and uncertainties in the  
diagnostic process of asymptomatic natalizumab-associated PML cases particularly when  
dealing with inconclusive or negative results of JCV DNA in the CSF. Since current PML  
diagnostic criteria do not allow the diagnosis of probable PML in this setting, this report  
stresses the need for dedicated PML diagnostic criteria for natalizumab treated MS patients, 
additional diagnostic tests and consensus guidelines aiding an early and correct PML diagnosis 
facilitating early treatment with presumably better clinical outcome.
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Abstract

Background 
In natalizumab-treated multiple sclerosis (MS) patients, magnetic resonance imaging (MRI) is 
considered as a sensitive tool in detecting both MS disease activity and progressive multifocal 
leukoencephalopathy (PML).

Objective
To investigate the performance of neuroradiologists using brain MRI in detecting new MS 
lesions and asymptomatic PML lesions and in differentiating between MS and PML lesions in 
natalizumab-treated MS patients. The secondary aim was to investigate interrater variability.

Methods 
In this retrospective diagnostic study, four blinded neuroradiologists assessed reference and 
follow-up brain MRI scans of 48 natalizumab-treated MS patients with new asymptomatic 
PML lesions (n = 21) or new MS lesions (n = 20) or no new lesions (n = 7). Sensitivity and  
specificity for detection of new lesions in general (MS and PML lesions), MS and PML  
lesion differentiation, and PML detection were determined. Interrater agreement was  
calculated.

Results  
Overall sensitivity and specificity for the detection of new lesions, regardless of the nature of 
the lesions, were 77.4% and 89.3%, respectively; for PML-MS lesion differentiation, 74.2% 
and 84.7%, respectively; and for asymptomatic PML lesion detection, 59.5% and 91.7%,  
respectively. Interrater agreement for the tested categories was fair to moderate.

Conclusions 
The diagnostic performance of trained neuroradiologists using brain MRI in  
pharmacovigilance of natalizumab-treated MS patients is moderately good. Interrater  
agreement among trained readers is fair to moderate.
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Introduction

Pharmacovigilance in patients receiving treatment for multiple sclerosis (MS) has two major 
aims: detection of disease activity and detection of adverse events, including opportunistic  
infections. For these purposes, in addition to clinical presentation and paraclinical tests (e.g. 
cerebrospinal fluid (CSF) analysis), brain magnetic resonance imaging (MRI) has become the
most relevant diagnostic tool.1,2 The importance of strict pharmacovigilance has been recognized 
for many years, but it has gained additional clinical relevance with the introduction of the  
newest generation of MS therapeutics, which have a different and broader spectrum of adverse 
events than earlier therapies. Among these therapeutics, natalizumab, a monoclonal antibody 
against α4-integrin approved for the treatment of relapsing MS, has prompted particular  
pharmacovigilance issues.3-5 Natalizumab is associated with a higher risk of progressive  
multifocal leukoencephalopathy (PML), an opportunistic infection of the central nervous system 
(CNS) involving reactivation and replication of the John Cunningham virus (JCV).3,6-8

The potential diagnostic value of brain MRI in natalizumab pharmacovigilance has been  
conclusively demonstrated by several reports on MRI detection of natalizumab-associated 
PML in patients who show no clinical symptoms suggestive of PML (asymptomatic PML).9-17 
The clinical relevance of such early PML detection is supported by data demonstrating that 
PML patients being asymptomatic have a better functional outcome than patients who are  
already symptomatic at the time of PML diagnosis.10,15,16 However, PML lesions in asymptomatic  
patients can be subtle and difficult to differentiate from new focal MS lesions as they can share 
some common characteristics.13,18,19 It has been hypothesized that MRI is highly sensitive in 
detecting new MS lesions and PML lesions in natalizumab-treated MS patients.17,20 However, 
the diagnostic performance of MRI in a pharmacovigilance setting has never been assessed.

The primary aim of this study was to investigate the diagnostic performance of trained  
neuroradiologists using brain MRI in asymptomatic natalizumab-treated MS patients in  
detecting new MS lesions and PML lesions and in differentiating between MS and PML  
lesions. The secondary aim was to investigate interrater variability by comparing these multiple 
experienced raters.

Methods

Standard protocol approvals, registrations, and patient consents
Analysis of brain imaging is part of the standard care for MS patients being treated with  
natalizumab. In this study, a waiver was obtained from the local institutional review board 
(IRB) stating that the requirements of the Medical Research Involving Human Subjects Act 
(WMO) did not apply and that official IRB approval was not required. Written informed  
consent was obtained from all participants for the use of the clinical and imaging data for  
research and educational purposes.

Study design and patient selection
This was a retrospective diagnostic study comparing MRI scans (reference and follow-up) 
obtained in three groups of natalizumab-treated MS patients:
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Patient group 1. Patients presenting with one or more new MS lesions on follow-up brain 
MRI compared with a reference MRI scan. This group comprised 20 relapsing-remitting 
(RR)-MS patients treated with natalizumab and screened by brain MRI according to the local  
natalizumab surveillance program (MRI screening every 3 months in patients being JCV  
seropositive and treated with natalizumab longer than 2 years) in our center. These patients 
had a mean age of 38 years (standard deviation (SD): 8 years), a mean natalizumab treatment  
duration of 11 months (SD: 4 months), and 14 of 20 (70%) were female.

Patient group 2. Patients showing no new lesions on a follow-up brain MRI compared with the 
reference scan. This group comprised 7 RR-MS patients who were treated with natalizumab 
and monitored with MRI according to our center’s natalizumab surveillance program.  
They had a mean age of 39 years (SD: 10 years), a mean treatment duration of 36 months  
(SD: 3 months), and all were female.

Patient group 3. Patients presenting with one or more new PML lesions on a follow-up MRI 
compared with a reference scan performed while the patient was asymptomatic. This group 
consisted of 21 natalizumab-treated RR-MS patients who had been diagnosed with PML in an 
asymptomatic stage in the postmarketing setting. This group had a mean age of 45 years (SD: 
11 years), a mean treatment duration of 44 months (SD: 18 months), and 15 of 21 (71%) were 
female.

The study participants in groups 1 and 2 were randomly selected from our local cohort of  
natalizumab-treated MS patients. Only patients with a reference and follow-up MRI scan  
available were included. The reference assessment (gold standard) of the presence or absence 
of new MS lesions was made in consensus by two experienced neuroradiologists who were not 
involved as official raters in this study.

The patients presenting with asymptomatic PML lesions (patient group 3) were drawn  
from two different datasets. A total of 11 patients were recruited from the Dutch  
natalizumab-associated PML cohort and 10 patients were referred by other institutions to our 
center for second opinion and research purposes (Figure 1).

In nine of the asymptomatic PML patients, the PML lesions were detected prospectively. In 
12 patients, the PML lesions were identified retrospectively on MRI scans before clinical  
symptoms suggestive of PML became apparent. In the prospective group, eight out of nine 
patients met the American Academy of Neurology (AAN) diagnostic criteria of probable PML 
(MRI findings consistent with PML and detection of JCV in CSF).21 The one patient who 
did not meet the AAN diagnostic criteria had MRI findings highly suggestive of PML but 
no detectable JCV in the CSF. On follow-up, however, this patient demonstrated clinical and 
radiological evidence of PML immune reconstitution inflammatory syndrome (PML-IRIS)  
manifestation,7,18,19 providing a basis for a diagnosis of possible PML (with PML symptoms 
and imaging findings) at a later disease stage. Out of the 12 patients in the retrospective patient 
group, 10 met the AAN diagnostic criteria for definite PML. Two patients met the criteria for 
possible PML (JCV undetectable in CSF) at diagnosis. However, in both patients, the lesion 
evolution and clinical course including the development of PML-IRIS conclusively supported 
a PML diagnosis
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Figure 1. Flowchart presenting the acquisition of the different patient groups and the decision-making tree of the rating by the readers.

MRI protocols
All patients underwent a multisequence MRI protocol with image acquisition parameters  
according to local MRI protocols, including pulse sequences, magnetic resonance (MR)  
hardware (e.g. magnetic field strengths), and spatial resolution. In those patients in whom  
contrast was administered, we presented the gadolinium-enhanced T1-weighted  
sequences only. In one single patient, without contrast administration, we presented the  
nonenhanced T1-weighted sequence. Diffusion weighted images (DWIs) were not included as 
these were mostly present in the asymptomatic PML group and, therefore, could give a bias. In all  
patients, at least axial fluid-attenuated inversion recovery (FLAIR) or T2- or proton-density 
(PD)-weighted images were available. In 32 cases, the available sequences were identical in 
both the follow-up and the reference scan. The availability of different scan sequences per scan 
moment is summarized in Table 1.
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Table 1. Different MRI sequences per scan moment available to the readers.
                                                       Axial T2/PD  Axial FLAIR Sagittal FLAIR Axial T1a

Both follow-up and reference scan
Only reference scan
Only follow-up scan
Neither reference, nor follow up

 45 19 41 33
 0 6 0 7b

 2 3 1 3
 1 20 6 5

a When contrast was administered, only a T1-weighted post contrast sequence was presented. b Includes one patient in whom no contrast 
was administered and therefore an unenhanced T1-weighted sequence was presented.

In the asymptomatic PML group, 6 out of 21 patients had contrast-enhancing PML lesions on 
the follow-up MRI scan suggestive of inflammatory PML.9,22 One patient out of 20 in the group 
with new MS lesions had contrast enhancement on the follow-up MRI.

Image preparation and readers
The MRI scans included in this study were presented in DICOM format on a digital  
workstation to four readers (who were not involved in the diagnosis or treatment of any of the 
patients). The imaging material was anonymized and presented in a standardized fashion.

For each reader, the order in which patients were presented was randomly assigned.  
All image sets first presented the baseline and then follow-up scan. The readers were four  
neuroradiologists with different levels of experience in the field of neuroradiology (8 years 
for reader 1, 1 year for reader 2, 12 years for reader 3, and 4 years for reader 4). All readers 
were well trained in MS (differential) diagnosis and treatment monitoring at our center. The  
readers were blinded to the amount of patients per study group and any clinical information and  
paraclinical tests for all study participants.

Image analysis
For each presented case, each reader had to decide whether a new lesion was present on the 
follow-up scan compared to the reference scan. Readers were then asked to indicate whether 
these new lesions were suggestive of PML or MS pathology. This decision-making tree is  
presented in Figure 1.

Statistical analysis
Using SPSS statistics software version 20 (IBM Corp., Armonk, NY), the sensitivity and  
specificity for the detection of new MS lesions and the identification of PML lesions were 
calculated for each reader separately and by combining all four readers. The latter was done 
by generalized estimating equations (GEEs), correcting for repeated scorings within a patient. 
Cohen’s kappa and Fleiss’ kappa coefficients (K) for interrater agreement between all possible 
sets of two readers and among all four readers, respectively, were determined and interpreted 
according to the Landis and Koch scheme.23,24 For K values, the degree of agreement was 
defined as follows: K < 0.00, no agreement; 0.00 ≤ K ≤ 0.20, slight agreement; 0.21  ≤ K ≤ 0.40, 
fair agreement; 0.41 ≤ K ≤ 0.60, moderate agreement; 0.61  ≤ K ≤0.80, substantial agreement; and 
0.81  ≤ K ≤ 1.00, almost perfect agreement.
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Results

Diagnostic performance of brain MRI

Detection of new lesions (MS or PML)
Table 2 shows the sensitivity and specificity values regarding the detection of any new lesion 
by all readers versus the actual presence of new lesions according to our defined standard.  
Sensitivity and specificity for the detection of new lesions for each reader separately  
ranged from 58.5% to 92.7% and from 85.7% to 100%, respectively. The overall sensitivity and  
specificity of all four readers were 77.4% and 89.3%, respectively. 

Table 2. Sensitivity and specificity for the detection of new lesions, differentiation of PML from new MS lesions, and the detection of PML.

                                                      Sensitivity 
n (N)  % 95% CI

Specificity 
n (N)  % 95% CI

Detection of new lesions Reader 1
 Reader 2
 Reader 3
 Reader 4
 Overall

38 (41) 92.7 84.7–100
32 (41) 78.0 65.4–90.7
33 (41) 80.5 68.4–92.6
24 (41) 58.5 43.5–73.6
  77.4 69.1–84.1

1 (7) 85.7 59.8–100
1 (7)  85.7 59.8–100
0 (7) 100 59.0–100
1 (7) 85.7 59.8–100
 89.3 76.2–95.6

Differentiation of PML and MS Reader 1
 Reader 2
 Reader 3
 Reader 4
 Overall

16 (18) 88.9 74.4–100
15 (16) 93.8 81.9–100
10 (16) 62.5 38.8–86.2
9 (15) 60.0 35.2–84.8
 74.2 59.0–85.1

1 (20) 95.0 85.4–100
8 (16) 50.0 25.5–74.5
0 (17) 100 80.5–100
0 (9) 100 66.4–100
 84.7 77.2–90.1

Detection of PML Reader 1
 Reader 2
 Reader 3
 Reader 4
 Overall

16 (21) 76.2 58.0–94.4
15 (21) 71.4 52.1–90.8
10 (21) 47.6 26.3–69.0
9 (21) 42.9 21.7–64.0
 59.5 42.8–74.3

1 (27) 96.3 89.2–100
8 (27) 70.4 53.1–87.6
0 (27) 100 87.2–100
0 (27) 100 87.2–100
 91.7 86.0–95.2

The sensitivity and specificity are given for each observer separately and for all observers combined obtained by GEEs (overall).
N= number of patients in group, n= number of patients scored positive by the raters, 95% CI= 95% confidence interval

Lesion differentiation (PML vs MS)
We assessed how well readers could differentiate between PML and MS in newly observed 
lesions. When calculating the sensitivity and specificity for differentiating PML from MS 
in the newly observed lesions (by the readers), we excluded the ratings in which the reader  
reported no new lesions and the patients with no new lesions according to our defined standard.  
Table 2 shows the differentiation between MS and PML by all readers versus the actual presence  
of either PML or MS according to our defined standard. The sensitivity and specificity 
for differentiating PML from MS ranged from 60.0% to 93.8% and from 50.0% to 100%,  
respectively. When all readers were combined, the sensitivity and specificity were 74.2% and 
84.7%, respectively.
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Detection of PML
We also calculated the accuracy of readers’ determinations as to whether or not PML was  
present. For this calculation, we grouped “new MS lesion” and “no new lesion” together as 
“PML not present” in both the reader observations and reference standard. The sensitivity and 
specificity ranged from 42.9% to 76.2% and from 70.4% to 100%, respectively (Table 2).  
Overall sensitivity and specificity including all four readers were 59.5% and 91.7%,  
respectively.

Interrater agreement

Detection of new lesions (MS or PML)
Cohen’s kappa (K) was calculated to determine the level of agreement between each set of 
two readers, which is shown in Table 3. Fleiss’ kappa was calculated to determine the level of 
agreement among all four readers combined. There was only a fair level of agreement among 
the four readers (K = 0.33; Table 4).

Lesion differentiation (PML vs MS)
Cohen’s kappa was calculated for each set of two readers to evaluate interrater agreement in 
differentiating PML from MS (Table 3). Fleiss’ kappa indicated moderate interrater agreement 
among the four readers, with a kappa value of 0.49 (Table 4). Figure 2 presents examples of 
new MS pathology on MRI detected and classified with high (Figure 2(a) and (b)) or low  
(Figure 2(c) and (d)) interrater agreement.

Table 3. Interrater observer agreement between all possible sets of readers, expressed by kappa (K).

                                                      Reader 2 
N K 95% CI

Reader 3 
N K 95% CI

Reader 4 
N K 95% CI

Detection of new lesions Reader 1
 Reader 2
 Reader 3

48 0.46 0.18–0.73 48 0.46 0.18–0.73
48  0.52 0.25–0.78

48 0.14 0.000–0.37
48  0.32 0.069–0.58
48 0.24 0.000–0.50

Differentiation of PML and MS Reader 1
 Reader 2
 Reader 3

31 0.30 0.001–0.60 31 0.73 0.50–0.97
28 0.26 0.050–0.48

22 0.65 0.36–0.94
21 0.38 0.085–0.67 
20 0.80 0.53–1.00

Detection of PML Reader 1
 Reader 2
 Reader 3

48 0.41 0.16–0.66 48 0.65 0.42–0.87
48 0.45 0.23–0.66

48 0.59 0.36–0.83
48 0.40 0.19–0.61
48 0.80 0.59–1.00

N= number of patients in group, 95% CI= 95% confidence interval

Table 4. Fleiss’ kappa for interrater observer agreement between all readers combined with corresponding 95% CI.

                                                      Overall Fleiss’ kappa  95% CI

Detection of new lesions 0.33 0.22–0.45

Differentiation of PML and MS 0.49 0.30–0.67

Detection of PML 0.52 0.40–0.63

95% CI= 95% confidence interval
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Figure 2. Two examples of heterogeneous scoring results regarding the detection and classification of new MS lesions by the four raters. 
Axial T2 and proton density (PD) weighted images of two different patients demonstrating a new MS pathology (bottom row, b and d) 
are compared with a reference MRI (top row, a and c). Left column (a and b): Two new MS lesions located in the right parietal deep white 
matter and in the left periventricular white matter were present (arrows). All four readers detected these lesions and correctly classified 
these lesions as MS lesions. Right column (c and d): The active T2 lesion in the pons was detected and correctly classified as a MS lesion 
by one rater. However, another rater classified this lesion as a PML lesion, while two raters failed to detect the new lesion at all. This lesion 
is stressing the important point that MS lesions can mimic PML lesions and vice versa.
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Detection of PML
Cohen’s kappa was calculated for all possible pairs of readers and is shown in Table 3.  
With Fleiss’ kappa of 0.52, there was moderate agreement among the four readers (Table 4). 
Figure 3 presents examples of new PML pathology on MRI detected and classified with high 
(Figure 3(a) and (b)) or low (Figure 3(c) and (d)) interrater agreement.

Figure 3. Two examples of heterogeneous scoring results regarding the detection and classification of new PML lesions by the four raters. 
Axial FLAIR images of two different patients demonstrating a new asymptomatic natalizumab-associated PML lesion (bottom row, b and 
d) are compared with a reference MRI (top row, a and c). Left column (a and b): the lesion in the right occipital lobe (arrow) was correctly 
classified as a PML lesion by all four raters. In this patient, the diagnosis of PML was further supported by the detection of JCV DNA in the 
CSF using PCR. Right column (c and d): the new lesion in the left frontal lobe (arrow) was classified as a PML lesion by one rater. However, 
the lesion was classified as an MS lesion by another rater, while two raters did not detect this new lesion. The PML diagnosis was further 
supported by the lesion’s evolution and detection of JCV DNA in the CSF using PCR.



3

109Performance of MRI in natalizumab pharmacovigilance  | 

Discussion

Despite the increasing use of MRI in pharmacovigilance for disease activity and adverse 
event detection,25-29 the diagnostic performance of brain MRI in detecting new MRI lesions in  
natalizumab-treated MS patients had not previously been tested. In our study, we tried to create 
a realistic scenario simulating clinical MRI monitoring of asymptomatic natalizumab-treated 
MS patients. We presented a brain MRI that had to be compared with a reference scan to  
neuroradiologists experienced in MS treatment monitoring and asked them whether or not  
there was new pathology. For each newly diagnosed lesion, the readers also had to determine 
whether the lesion was a new MS lesion or a lesion suggestive of PML.

In case of any new lesion detected on the follow-up MRI (either MS or PML lesions), the 
overall specificity of 89.3% was quite high, whereas the sensitivity of 77.4% and the overall 
interrater agreement of 0.33 (Fleiss’ kappa) were lower than expected in a diagnostic setting or 
in untreated MS patients.30 This probably reflects the fact that new pathology, particularly new 
MS disease activity, during effective MS treatment can be quite subtle and difficult to interpret. 
Therefore, MRI reading in this particular setting can be challenging and differs from diagnostic 
scenarios like in untreated clinically isolated syndrome patients. The relatively low kappa value 
can partially be explained by the skewed distribution between the two groups (41 “new lesion” 
cases and 7 “no new lesion” cases) which leads to underestimation of agreement.31

Once a new lesion on brain MRI is detected in a natalizumab-treated patient with higher risk  
of developing PML, it is crucial to accurately differentiate between new or active MS  
pathology and possible opportunistic infections such as PML. The importance of careful lesion 
differentiation has been shown by reports demonstrating that asymptomatic PML lesions in 
natalizumab-treated MS patients can be difficult to differentiate from MS lesions.9,13-15,32 In our 
study, the overall sensitivity and specificity values of 74.2% and 84.7%, respectively, for PML 
lesion differentiation were slightly lower than, but comparable with, those for the detection of 
new pathology in general. However, the interrater agreement level was substantially higher, 
with a Fleiss’ kappa of 0.49 representing “moderate agreement.” These data suggest that once 
a new pathology is detected, the correct diagnosis of PML or MS can be made with a relatively 
high specificity.

When all cases were examined (including those without any new pathology on the follow-up 
MRI and those with new MS or PML lesions that were missed by the raters), the sensitivity 
of PML detection dropped substantially (to 59.5%), whereas the specificity increased slightly  
(to 91.7%). The lower sensitivity values for the detection of PML compared to the  
differentiation of PML versus MS can be explained by both the misclassification of lesions as 
MS pathology and the failure to detect some new PML lesions at all. However, when the ratings 
in which no new lesions were reported and the cases with no new lesions according to our defined  
standard (wherein none of the raters suspected PML) are included, the number of false  
positives remained equal, whereas the number of true negatives increased and hence the  
specificity increased.

A relevant finding was the relatively low interrater agreement in all three tested  
diagnostic scenarios. In most established MS centers, MRI treatment monitoring of MS patients  
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is conducted by radiologists who are well trained and experienced in this field. Although the  
raters in our study had different levels of neuroradiology experience (range from 1 to  
12 years), they all had a sufficient background and level of expertise in this field, and they 
were all trained in our center on the use of MRI for MS diagnosis and monitoring. However, it 
was with the less experienced reader (reader 2) that relatively high sensitivity values but low  
specificity values were observed, which can be at least partially explained by the reader’s 
desire to avoid false-negative PML diagnoses. However, no conclusive trend toward better  
performance in readers with longer neuroradiology experience was observed in this study.

Our data, in particular the relatively low sensitivity values for all three tested diagnostic  
scenarios, suggest that MRI treatment monitoring, particularly PML screening in  
natalizumab-treated MS patients, is rather challenging even for specifically trained  
neuroradiologists in specialized centers. Additional imaging techniques such as DWIs and 
more advanced standardization including the application of MR subtraction techniques may 
contribute to improve the diagnostic accuracy.33,34

There were limitations to the study that are important for the interpretation of the data.  
Our study design was mainly structured to investigate the ability of different readers to  
differentiate asymptomatic PML lesions from MS lesions. We tried to create a realistic clinical 
setting for MRI readings for natalizumab pharmacovigilance purposes. However, our study 
included disproportionately high numbers of patients with asymptomatic PML lesions and new 
MS lesions during natalizumab treatment. In clinical practice, the vast majority of patients do 
not show any new MS disease activity on MRI after “disease silencing” during the first 2 years 
of natalizumab treatment.27-29 In addition, PML is a relatively rare adverse event during  
natalizumab treatment, even in high-risk patients who are JCV seropositive and have been  
treated for longer than 2 years.35 However, a study with a realistic proportion of patients in 
these three subgroups would have needed an extremely high number of patients and would 
have required a study design that was not feasible. Another limitation is that not all MRI scans 
were performed according to a standardized MRI protocol since cases had to be selected from 
a multicenter dataset. This limitation cannot be avoided since a relatively high number of  
asymptomatic PML cases could not be selected from a single-center cohort. In particular, the 
absence of DWI might be a point of criticism and is a limitation of this study since it has been 
shown that acute symptomatic PML lesions are present as high signal intensity lesions on 
high-B value DWI without diffusion restriction based on apparent diffusion coefficients 
(ADC).17,20 In asymptomatic natalizumab-associated PML, this has been observed only in a 
subset of patients (60%).14 Active MS lesions, in particular contrast-enhancing lesions, are 
frequently DWI hyperintense, and a small subset (10/72) has restricted ADC values prior to 
contrast enhancement.36 To date, the added value of DWI in pharmacovigilance is still an on-
going investigation. Furthermore, the imaging sequences presented in the follow-up scan did 
not always match the sequences presented in the reference scan. Even though this might  
complicate comparison of the scans by the readers, it is also a resemblance of real life as in 
clinical practice it is not uncommon that a decision-making scan does not match the prior scan 
in terms of imaging sequences. In addition, it is important to note that in clinical practice, the 
MRI interpretation should be performed in combination with clinical and biological biomar-
kers.
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In conclusion, this study investigated the diagnostic performance of four neuroradiologists  
analyzing brain MRI in natalizumab pharmacovigilance with respect to MS disease activity and 
safety monitoring. In the case of newly detected lesions, differentiation between MS and PML 
lesions can be made with surprisingly high specificity. However, our results demonstrate that 
the interpretation of brain MRI for these purposes in general can be rather challenging even 
in dedicated MS MRI reading centers. Therefore, there is need for further research to identify 
imaging markers and characteristics that can aid neuroradiologists in MS and asymptomatic 
PML lesion differentiation.
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Abstract

Objective 
As of 3 September 2013, 399 cases of natalizumab-associated progressive multifocal  
leukoencephalopathy (PML) were confirmed in multiple sclerosis (MS) patients. We evaluated 
outcomes of natalizumab-treated MS patients who were asymptomatic at PML diagnosis.

Methods
Analyses included data available as of 5 June 2013. Asymptomatic patients diagnosed with 
PML by magnetic resonance imaging (MRI) findings and JC virus DNA detection in the  
central nervous system were compared with patients presenting with symptoms at diagnosis.  
Demographics, MRI, and survival over 12 months were analyzed. Expanded Disability  
Status Scale (EDSS) and Karnofsky Performance Scale (KPS) scores were recorded pre-PML, at  
diagnosis, and at 6 and 12 months post-diagnosis.

Results  
A total of 372 PML cases were analyzed; 30 patients were asymptomatic and 342 were  
symptomatic at PML diagnosis. Classifications of PML lesions on MRI in asymptomatic  
versus symptomatic patients were unilobar in 68% versus 37%, multilobar in 21% versus 
24%, and widespread in 11% versus 40%. In both groups with unilobar lesions, frontal lobe  
lesions predominated. Prior to PML, mean EDSS and KPS scores were similar for asymptomatic  
and symptomatic patients. At diagnosis, mean EDSS score was significantly lower for  
asymptomatic patients (4.1; n = 11) than for symptomatic patients (5.4; n = 193; P = 0.038).  
Six months after PML diagnosis, asymptomatic patients had less functional disability than 
symptomatic patients. As of 5 June 2013, 96.7% of asymptomatic patients and 75.4% of  
symptomatic patients were alive.

Interpretation
PML patients asymptomatic at diagnosis had better survival and less functional disability than 
those who were symptomatic at diagnosis.
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Introduction

Natalizumab, a monoclonal antibody directed against α4 integrin, is approved for the treatment 
of relapsing forms of multiple sclerosis (MS) based on its efficacy in reducing clinical relapses, 
disability progression, and magnetic resonance imaging (MRI) disease activity measures.1-4 As 
of 30 September 2013, natalizumab has been used to treat 120,500 patients, corresponding to 
≈313,560 patient-years of exposure.5 Natalizumab treatment is associated with an increased 
incidence of progressive multifocal leukoencephalopathy (PML), a rare, demyelinating  
opportunistic infection of the central nervous system (CNS) caused by the JC virus (JCV).6-8 
Established risk factors for natalizumab-associated PML include the presence of anti-JCV  
antibodies in the blood, prior immunosuppressive (IS) therapy, and duration of natalizumab 
treatment greater than 2 years.9 Patients who are anti-JCV antibody negative are at a very low 
risk of PML (1/10,000). In patients who are anti-JCV antibody positive, PML risk is stratified 
based on prior IS use and treatment duration.5,9

As per recently published criteria by the American Academy of Neurology, a confirmed  
diagnosis of PML requires the presence of 3 factors: clinical symptoms, MRI findings  
suggestive of PML, and the presence of JCV DNA in cerebrospinal fluid (CSF) or brain tissue 
samples.10 MRI findings suggestive of PML in combination with JCV detection in the CSF 
but in the absence of symptoms leads to a classification of “probable PML”.10 However, cases  
of asymptomatic PML can be considered confirmed PML based on an alternative PML  
classification scheme.11

There is increasing evidence that enhanced clinical vigilance including MRI, early PML  
diagnosis, suspension of natalizumab treatment on suspicion of PML, and treatment of PML 
complications may optimize outcomes in patients with natalizumab-associated PML.12,13  
In an analysis of 35 cases of natalizumab-associated PML, a shorter time from symptom onset 
to PML diagnosis and localized disease on MRI at diagnosis were associated with improved 
survival.14

Despite the heterogeneous MRI findings in natalizumab-associated PML patients, MRI has 
been the most sensitive method for detecting PML before clinical symptoms occur.15,16 The 
utility of routine MRI for monitoring natalizumab-treated patients has been highlighted in  
several recent case reports and case series.15, 17-25 In some reports, patients were diagnosed with 
PML in the absence of clinical symptoms when radiologic signs of PML were detected on  
routine MRI and confirmed by JCV DNA detection in the CSF by polymerase chain  
reaction.17,18,21,23,24 In others, MRI findings consistent with PML were retrospectively  
identified on MRI scans obtained several months before clinical symptoms of PML were  
apparent.19,20,25

The clinical relevance of early PML detection by MRI in asymptomatic patients in terms of its 
potential association with better survival and/or functional outcomes is unknown. The aim of 
this study was to analyze all available cases of natalizumab-associated PML as of 5 June 2013, 
and compare demographic and clinical characteristics, MRI findings, functional status, and 
survival over 12 months between asymptomatic patients and patients who were symptomatic 
at the time of PML diagnosis.
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Methods

Confirmation of PML
The diagnosis of PML was confirmed by either a positive brain tissue examination showing 
evidence of viral cytopathic changes on hematoxylin and eosin staining associated with either 
positive immunohistochemistry for SV40 or in situ hybridization for JCV DNA, or by the  
presence of JCV DNA in CSF and consistent MRI findings.

If a patient had clinical symptoms, the patient was classified as symptomatic at the time of  
PML diagnosis. If the patient did not have clinical symptoms, the patient was classified as 
asymptomatic at the time of PML diagnosis.

Clinical and radiological assessments
Treating physicians were queried at the time of PML case confirmation and every 6 months 
thereafter for up to 24 months post-PML diagnosis using a standardized PML data collection 
tool (DCT) designed to capture specific information regarding the patient‘s PML disease  
status, vital status (alive or deceased), and additional retrospective data pertinent to the  
patient‘s medical history (e.g., age, gender, MS disease duration, natalizumab exposure,  
serostatus of anti-JCV antibody, and prior IS use). Data were supplemented by details captured 
in the natalizumab global safety database. Some treating physicians also provided PML patient 
information at intervals apart from, and in addition to, the 6-month DCT schedule.

Functional disability status was also assessed by the treating physician using the  
Expanded Disability Status Scale (EDSS, Table 1)26 and/or the Karnofsky Performance Scale 
(KPS, Table 2).27 EDSS and KPS scores were assessed pre-PML (on natalizumab therapy),  
at PML diagnosis, and at 6 and 12 months post-PML diagnosis.
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Table 1. Expanded Disability Status Scale

EDSS Score                                                 Description

0.0 Normal neurological exam

1.0 No disability, minimal signs on 1 FS

1.5 No disability, minimal signs on 2 of 7 FS

2.0 Minimal disability in 1 of 7 FS

2.5 Minimal disability in 2 FS

3.0 Moderate disability in 1 FS; or mild disability in 3–4 FS, though fully ambulatory

3.5 Fully ambulatory but with moderate disability in 1 FS; mild disability in 1 or 2 FS; moderate disability 
in 2 FS; or mild disability in 5 FS

4.0 Fully ambulatory without aid, up and about 12 hours a day despite relatively severe disability; able to 
walk without aid 500 meters

4.5 Fully ambulatory without aid; up and about much of the day; able to work a full day; may otherwise 
have some limitations of full activity or require minimal assistance; relatively severe disability; able to 
walk without aid 300 meters

5.0 mbulatory without aid for about 200 meters; disability impairs full daily activities

5.5 Ambulatory for 100 meters; disability precludes full daily activities

6.0 Intermittent or unilateral constant assistance (cane, crutch, or brace) required to walk 100 meters with 
or without resting

6.5 Constant bilateral support (cane, crutch, or braces) required to walk 20 meters without resting

7.0 Unable to walk beyond 5 meters even with aid, essentially restricted to wheelchair, wheels self, 
transfers alone; active in wheelchair about 12 hours a day

7.5 Unable to take more than a few steps; restricted to wheelchair; may need aid to transfer; wheels self, 
but may require motorized chair for full day

8.0 Essentially restricted to bed, chair, or wheelchair, but may be out of bed much of day; retains self-care 
functions; generally effective use of arms

8.5 Essentially restricted to bed much of day; some effective use of arms; retains some self-care functions

9.0 Helpless bed patient; can communicate and eat

9.5 Unable to communicate effectively or eat/swallow

10.0 Death due to MS

EDSS, Expanded Disability Status Scale; FS, functional scale(s); MS, multiple sclerosis.
Source: Kurtzke.26
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Table 2. Karnofsky Performance Scale

Progression                                                 Score Description

Mild  
Able to carry on normal activity and to 
work; no special care needed

 
100
90
80

 
Normal; no complaints; no evidence of disease
Able to carry on normal activity; minor signs or symptoms of disease
Normal activity with effort; some signs or symptoms of disease

Moderate  
Unable to work; able to live at home  
and care for most personal needs;  
varying amount of assistance needed

70
60
50

Cares for self; unable to carry on normal activity or do active work
Requires occasional assistance; able to care for most personal needs
Requires considerable assistance and frequent medical care

Severe
      Unable to care for self; requires equivalent 

of institutional or hospital care; disease 
may be progressing rapidly

40
30
20
10
0

Disabled; requires special care and assistance
Severely disabled; hospital admission is indicated; death not imminent
Very sick; hospital admission necessary; active supportive treatment necessary
Moribund; fatal processes progressing rapidly
Death

Source: Karnofsky and Burchenal.27

MRI examinations were performed at 1.5 or 3T using protocols specified at the local site. 
All examinations included axial fluid attenuated inversion recovery (FLAIR) and/or axial dual 
echo spin-echo proton-density and T2-weighted images. All available MRIs and MRI reports 
were reviewed by an individual board-certified radiologist. A subset of the MRI data was also 
evaluated by an external advisory board15 and a reference center (Image Analysis Center, VU 
University Medical Center Amsterdam, The Netherlands). The classification of PML lesions 
on MRI based on review of the MRI reports provided was as follows: unilobar (confined to  
1 lobe), multilobar (involving 2 or more contiguous lobes), or widespread (involving 2 or more 
noncontiguous lobes and/or present in both hemispheres).28

 

Statistical analyses
Categorical variables were presented as frequencies; continuous variables were reported by 
mean, median, and range. Functional outcomes, as assessed by available EDSS and KPS  
scores, were compared in asymptomatic and symptomatic PML patients at each time point 
using a Mann-Whitney-Wilcoxon test.29,30 Polynomial regression using the locally weighted 
scatterplot smoothing (LOWESS) algorithm was employed to evaluate functional outcome 
over time.31 All tests of statistical significance assumed a 2-sided alternative hypothesis and 
a 0.05 significance level uncorrected for multiple comparisons. All analyses were conducted 
using SAS/STAT® software, version 9.3, and R, version 2.15.32

A sensitivity analysis of functional outcomes was conducted, matching asymptomatic and  
symptomatic cases with the same degree of MRI involvement (lesion number and location).  
All previously described statistical analyses were applied to categorical and continuous  
variables, respectively, of this subset population.
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Results

Patients
As of 5 June 2013, there were 372 confirmed postmarketing cases of natalizumab-associated 
PML in MS patients worldwide. The majority (70.7%) were female and two-thirds were from 
outside the United States. The median duration of natalizumab exposure was 39.5 months  
(range 8–94), and 27.7% of patients had prior IS use.

Thirty patients (8.1%) were classified as asymptomatic and 342 patients (91.9%) as  
symptomatic at the time of PML diagnosis. Demographic and clinical characteristics were 
comparable between the two groups (Table 3). More than 80% of asymptomatic PML patients 
and ≈60% of symptomatic PML patients were from locations outside the United States. 
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Table 3. Demographics and clinical characteristics of asymptomatic and symptomatic PML patients

                                                      Asymptomatic PML  
Patients (n=30)

Symptomatic PML 
Patients† (n=342)

All PML Patients 
(n=372)

Age at diagnosis — years
Mean
Median (range)

42.7
43.5 (22–61)  
(n=30)

45.1
45.0 (14–73)  
(n=337)

44.9
45.0 (14–73)  
(n=367)

Female — n (%) 21 (70.0) 242 (70.8) 263 (70.7)

Weight — kg
Mean
Median (range)

68.7
65 (50–98) 
(n=12)

75.4
68 (46–163)  
(n=142)

75.1
68 (46–163)  
(n=154)

Duration of MS at diagnosis — years
Mean
Median (range)

12.1
12.0 (4–29)  
(n=19)

14.1
12.5 (1–51)*  
(n=120)

13.8
12.0 (1–51)  
(n=139)

Natalizumab exposure — months
Mean
Median (range)

40.6
40.5 (24–94)  
(n=30)

39.8
40.0 (8–77) 
(n=342)

39.9
39.5 (8–94)  
(n=372)

Prior IS use — yes, % 23.3 28.1 27.7

EDSS score on natalizumab pre-PML
Mean
Median (range)

3.2
3.0 (1–6.0) 
(n=18)

3.8
4.0 (0–8.5)  
(n=172)

3.7
3.5 (0–8.5)  
(n=190)

KPS score on natalizumab pre-PML
Mean
Median (range)

85.0
90.0 (60–100)  
(n=10)

80.2
80.0 (40–100) 
(n=112)

80.6
80.0 (40–100)  
(n=122)

Time to PML diagnosis§ — days
Mean
Median (range)

37.6
12 (0–168)  
(n=30)

44.6
28 (0–368)  
(n=330)

NA

CSF JCV DNA¶ — copies/mL
Mean
Median (range)

277,000
668 (12–4,970,000)  
(n=24)

185,000
510 (1–10,200,000);  
(n=289)

192,000
510 (1–10,200,000)  
(n=313)

Geography — n (%)

United States 4 (13.3) 123 (36.0) 127 (34.1)

Rest of world 26 (86.7) 219 (64.0) 245 (65.9)

*PML denotes progressive multifocal leukoencephalopathy, kg kilogram, IS immunosuppressant, EDSS Expanded Disability Status Scale, 
KPS Karnofsky Performance Scale, NA not applicable, CSF cerebrospinal fluid, and JCV JC virus.
†Two Crohn’s disease patients are included.
§Time from first suspect MRI (for asymptomatic patients) or PML symptom (for symptomatic patients) to PML diagnosis date, defined as 
first positive JCV DNA in CSF or positive brain biopsy.
¶ First positive test.

The median time to PML diagnosis, defined as time from first suspect MRI (for asymptomatic 
patients) or from PML symptoms (for symptomatic patients) to first JCV DNA positive CSF or 
positive brain biopsy, was 12 days (range 0–168) in asymptomatic patients and 28 days (range 
0–368) in symptomatic patients (Table 3). Reported MRI frequencies prior to PML diagnosis in 
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asymptomatic PML patients were every 3 months in one patient, every 4 months in one patient, 
every 6 months in four patients, and every 12 months in one patient; frequency was not reported 
in 23 cases. MRI frequencies for most of the symptomatic PML patients were unknown. 

Natalizumab was discontinued in all patients upon suspicion of PML and 24 of 30 (80.0%) 
asymptomatic and 276 of 342 (80.7%) symptomatic PML patients were treated with plasma 
exchange (PLEX). For the remaining cases, PLEX was not performed or not reported. Immune 
reconstitution inflammatory syndrome (IRIS) was subsequently reported in 20 asymptomatic 
PML patients (66.7%) and in 248 symptomatic PML patients (72.5%). PML-IRIS was defined 
as worsening of clinical symptoms and lesion progression including signs of inflammation and 
mass effect on MRI, as determined by the reporting physician.

PML symptom patterns
At the time of this analysis, 19 asymptomatic PML patients had at least 6 months of follow-up 
data available after PML diagnosis. The other 11 cases either had not reached the 6-month 
follow-up time point (n = 8) or were lost to follow-up (n = 3). Of the 19 asymptomatic  
patients with at least 6 months of follow-up, 11 (57.9%) remained symptom free over a median 
of 16.0 months (range 4.8–27.3); the remaining eight asymptomatic PML patients (42.1%)  
subsequently developed clinical symptoms. One patient who developed symptoms did not have 
a symptom onset date available. For the other seven patients, the median time from first suspect 
MRI to the onset of initial symptoms was 20 days (range 1–130). Median follow-up time for the 
patients who had symptoms at the time of PML diagnosis was 17.5 months (range 7.0–27.0). 

The type and frequency of PML symptoms were generally similar in symptomatic patients  
and in asymptomatic patients who subsequently developed symptoms. Behavioral and/or  
cognitive and motor symptoms were the most common symptoms overall (seen in 55.6% of 
asymptomatic and 51.5% of symptomatic PML patients); visual symptoms occurred more  
frequently in symptomatic patients, consistent with the MRI location of PML lesions (Table 4).

Table 4. PML symptoms observed in asymptomatic patients who later became symptomatic and in patients symptomatic at  
PML diagnosis

 
PML Symptoms — n (%) *                                                    

Asymptomatic PML  
Patients (n=30)

Symptomatic PML  
Patients† (n=342)

Cognitive/behavioral 5 (55.6) 176 (51.5)

Motor 3 (33.3) 163 (47.7)

Speech 1 (11.1) 100 (29.2)

Visual 0 (0) 68 (19.9)

Cerebellar 1 (11.1) 64 (18.7)

Seizure 1 (11.1) 27 (7.9)

Sensory 1 (11.1) 23 (6.7)

*Symptoms reported at a later stage after diagnosis in asymptomatic patients and at diagnosis in symptomatic patients; each patient 
may have more than one symptom.
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MRI findings

Brain MRI results at diagnosis were available for 28 asymptomatic and 298 symptomatic  
patients. A greater proportion of asymptomatic PML patients compared with symptomatic 
PML patients had unilobar lesions at diagnosis (Figure 1). Unilobar frontal lobe lesions were 
the most common presentation in both asymptomatic and symptomatic patients. Twelve of 17 
asymptomatic PML patients (70.6%) and 56 of 107 symptomatic PML patients (52.3%) had 
unilobar lesions in the frontal lobe. Eleven percent of asymptomatic patients had widespread 
lesions, compared with 40.0% of symptomatic patients. Figure 2 shows representative MRI 
scans of progression from asymptomatic to symptomatic PML.

 68%

21%  

11% 

Asymptomatic (n=28) Symptomatic (n=298)

37%  

24%  

40% 

Unilobar (n=19)

Multilobar (n=6)

Widespread (n=3)

Unilobar (n=109)

Multilobar (n=71)

Widespread (n=118)

Figure 1. Distribution of PML lesions in asymptomatic and symptomatic PML patients. MRI data for 46 patients, including two  
asymptomatic patients, were not available. Total percentages may be greater than 100% due to rounding. PML, progressive multifocal 
leukoencephalopathy; MRI, magnetic resonance imaging

Figure 2. Representative MRI scans of progression from asymptomatic to symptomatic PML. Asymptomatic PML was diagnosed in a 
43-year-old woman with no prior IS use who had previously received interferon beta-1a. Twenty-two months after natalizumab initiation, 
she had no clinical signs of PML, but MRI showed a hyperintense cortical ribbon on both sides of the superior frontal sulcus (panel 1). Four 
months later the patient was still asymptomatic, but follow-up imaging showed multilobar lesions and natalizumab was discontinued 
(panel 2). Six months after first visualization of PML on MRI, PML symptoms, primarily visual, had developed and widespread lesions 
were present on brain MRI scan (panel 3). Anti-JCV antibody was detected in CSF at this time. MRI, magnetic resonance imaging; PML, 
progressive multifocal leukoencephalopathy; IS, immunosuppressive; JCV, JC virus; CSF, cerebrospinal fluid.
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Survival 

As of 5 June 2013, 96.7% (29 of 30) of asymptomatic PML patients and 75.4% (258 of 342) of 
symptomatic PML patients were alive. Mean duration of follow-up was 13.4 months (median 
[range]: 13.9 [3.4–26.6]; n = 16) in asymptomatic patients and 11.2 months (median [range]: 
8.7 [0–34.7]; n = 203) in symptomatic patients. In the nonsurviving asymptomatic PML case, 
the time to death from diagnosis was 13.2 months; cause of death was suicide likely due to the 
patient's preexisting depression. The mean time from PML diagnosis to death in symptomatic 
PML patients (n = 78) was 4.2 months (median [range]: 2.3 [0.07–35.1]); data were not  
available for 6 patients. 

Functional outcomes

Asymptomatic PML patients had significantly less functional disability at diagnosis and at  
6 months post-PML diagnosis compared with symptomatic PML patients (Table 5). Over time, 
EDSS scores were consistently lower in asymptomatic PML patients than in symptomatic PML 
patients (Table 5; Figure 3A). Asymptomatic patients also had less impairment over time as 
assessed by KPS, with asymptomatic patients having consistently higher KPS scores (Table 5; 
Figure 3B). The correlation coefficient for EDSS and KPS scores was 0.712.

When compared with symptomatic patients who presented with only frontal lobe unilobar  
involvement (n = 56), asymptomatic patients still had less functional disability (mean EDSS 
score: 6.5 vs. 4.9) and impairment (mean KPS: 46.0 vs. 71.5) at 6 months.

Table 5. Mean EDSS and KPS scores over time in asymptomatic and symptomatic PML patients

                                                      Asymptomatic PML  
Patients

Symptomatic PML 
Patients P Value

EDSS score
Pre-PML
At diagnosis
At 6 months
At 12 months

3.2 (n=21)
4.1 (n=11)
4.9 (n=11)
5.1 (n=6)

3.7 (n=179)
5.4 (n=193)
6.6 (n=87)
6.5 (n=59)

0.336
0.038
0.007
0.169

KPS score
Pre-PML
At diagnosis
At 6 months
At 12 months

84.0 (n=10)
70.0 (n=11)
71.5 (n=10)
56.0 (n=5)

81.1 (n=97)
53.8 (n=122)
47.1 (n=108)
46.6 (n=67)

0.475
0.008
<0.001
0.178

P value from Mann–Whitney–Wilcoxon test. EDSS, Expanded Disability Status Scale; KPS, Karnofsky Performance Scale; PML, progressive 
multifocal leukoencephalopathy. Bold text indicates statistical significance    
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Figure 3. (A) EDSS and (B) KPS scores for asymptomatic and symptomatic PML patients measured over time. Weighted polynomial 
regression using the LOWESS algorithm. The EDSS and KPS scores for asymptomatic and symptomatic PML patients are shown for time 
points prior to PML diagnosis, at PML diagnosis, and post-PML diagnosis. Each symbol represents a single patient measurement at a  
single time point. EDSS and KPS scores were not available for all patients at all time points. Data prior to diagnosis were gathered from 
medical records. The dark gray lines represent polynomial regression trend-lines (LOWESS curves) for asymptomatic patients; the light 
gray lines represent polynomial regression trend-lines (LOWESS curves) for symptomatic patients. EDSS, Expanded Disability Status Scale; 
KPS, Karnofsky Performance Scale; PML, progressive multifocal leukoencephalopathy; LOWESS, locally weighted scatterplot smoothing.

Discussion

The concept of detecting demyelinating diseases in an asymptomatic stage using a highly  
sensitive paraclinical tool such as MRI is well established in the field of MS, where the term 
“radiologically isolated syndrome” has been used to describe subclinical MS.33, 34 In the  
 context of opportunistic infections, the current data and a number of recent case reports17,18,21,23,24 
suggest that PML may be diagnosed based on brain MRI findings and the presence of JCV DNA 
in the CSF or on brain biopsy in the absence of clinical symptoms. This observation departs 
from the traditional 3-part diagnostic algorithm requiring clinical symptoms in combination 
with MRI findings and JCV DNA detection in the CNS for a diagnosis of definite PML.10,35,36 
It also suggests that clinicians with natalizumab-treated MS patients should be aware that  
clinical symptoms are not required to make the diagnosis of PML; such a requirement could 
delay timely diagnosis and intervention. 

In our study, ≈8% of patients (n = 30) were asymptomatic at the time of PML diagnosis.  
The average time to PML diagnosis was shorter in asymptomatic patients than in symptomatic 
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patients (12 vs. 28 days). The majority (86.7%) of asymptomatic PML patients were diagnosed 
outside the United States, which may reflect differences in clinical management of patients 
during natalizumab treatment. In the United States, best practice recommendations were  
published in 2009 by an expert panel, which recommended that an MRI scan be conducted at 
least annually in natalizumab-treated patients, with several panel members reporting that they 
perform a routine MRI after 6 months of treatment and then annually. All panel members also 
reported performing an MRI at the time of a relapse or if there were signs or symptoms of 
PML.37 Meanwhile, European centers may have been performing MRI scans more frequently, 
as suggested in a PML case report published in 2012 in which the authors described performing 
brain MRI scans every 6 months for all relapsing MS patients treated with natalizumab.38  
The PML case reported by Phan-Ba and colleagues was also included in a case series, in  
which a group of European authors suggested that “brain MRI scans every 3 – 4 months could 
be considered for interval MRI vigilance”.24 Similarly, in a set of recommendations published 
in 2011 by the International Multiple Sclerosis Expert Forum, it was stated that “more  
frequent MRI has been suggested (every 3–6 months)” in patients at increased risk for PML.12  
Although our data were limited, no clear pattern of frequency of MRI testing was discerned 
between those patients who were asymptomatic and those who were symptomatic. Clinical  
characteristics of asymptomatic and symptomatic PML patients were comparable prior to PML 
diagnosis. Importantly, there were no significant differences in functional disability, as  
measured by EDSS and KPS prior to PML diagnosis. 

In asymptomatic patients, most lesions were unilobar, whereas 63% of PML patients  
symptomatic at diagnosis had lesions that were multilobar or widespread. However, the  
majority of unilobar lesions on MRI in both asymptomatic and symptomatic PML patients 
were in the frontal lobe. Less than 50% of asymptomatic patients subsequently developed 
PML symptoms, and 11 of 19 patients with follow-up data available remained symptom free 
over a median 16 months. When symptoms were subsequently observed in asymptomatic  
 patients, they were primarily cognitive/behavioral and motor symptoms and occurred a median of  
3 weeks after diagnosis. The general type and pattern of symptoms observed in asymptomatic 
patients who subsequently became symptomatic generally mirrored that of patients who were 
symptomatic at PML diagnosis.

Overall, functional disability, as measured by both EDSS and KPS, was comparable in both  
populations up to 30 months prior to PML diagnosis. However, asymptomatic PML patients  
demonstrated less functional disability at PML diagnosis and at 6 months postdiagnosis  
compared with symptomatic PML patients. The survival rate was higher in asymptomatic  
patients than in patients who were symptomatic at diagnosis.

The shorter time to diagnosis of asymptomatic patients compared with symptomatic patients 
may have allowed more rapid therapeutic intervention (stopping natalizumab and removal of 
natalizumab via PLEX) to facilitate immune reconstitution. However, whether this led to the 
improved outcome of the patients remains speculative.

This analysis had several limitations. We had a relatively small number of asymptomatic PML 
cases, and most of the cases had incomplete data regarding MRI frequency prior to PML  
diagnosis. It also should be noted that there are still many unknown factors regarding our  
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understanding of PML. The possibility of lead time bias accounting for the observed longer  
duration of survival in asymptomatic patients cannot be ruled out because of the  
nonrandomized nature of the analysis. It is also possible that asymptomatic PML patients may 
represent a cohort of patients who have a slower progression of PML disease than those who 
were symptomatic at the time of diagnosis and, therefore, have a better prognosis; this could 
account for the absence of clinical symptoms and better outcomes (length time bias). We have 
observed in an earlier review of MRIs in natalizumab-treated patients with PML that some 
patients appear to have rapidly progressive disease (e.g., 2 months), while others appear to have 
a slower disease progression (e.g., 6 months). This may be due to yet unknown differences in 
host or viral attributes that may contribute to these observations.39

These data provide evidence of favorable outcomes when PML is diagnosed in the absence of 
clinical symptoms in natalizumab-treated patients. Clinicians treating patients with  
natalizumab should be aware that symptoms are not required in order to make a diagnosis  
of PML. Given that it is currently unclear if more frequent MRI testing contributes to  
identification of asymptomatic PML and the associated outcomes, it is premature to  
recommend any specific algorithm that might be used to more effectively identify this cohort 
of patients. It can be noted, however, our data and the published case reports and case series 
support the high value of MRI as a tool in detecting PML disease activity at an asymptomatic 
stage, which appears to be associated with more favorable outcome.
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Abstract

Objective 
The early detection of MRI findings suggestive of immune reconstitution inflammatory  
syndrome (IRIS) in natalizumab-associated progressive multifocal leukoencephalopathy 
(PML) is of crucial clinical relevance in terms of treatment decision-making and clinical  
outcome. The aim of this study was to investigate the earliest imaging characteristics of  
PML-IRIS manifestation in natalizumab-treated patients with multiple sclerosis and describe 
an imaging pattern that might aid in the early and specific diagnosis.

Methods
This was a retrospective study assessing brain MRI of 26 patients with natalizumab-associ-
ated PML presenting with lesions suggestive of PML-IRIS during follow-up. MRI findings 
were evaluated considering the imaging findings such as mass effect, swelling, contrast  
enhancement, new perivascular T2 lesions and signs suggestive of meningeal inflammation.

Results  
Contrast enhancement was the most common imaging sign suggestive of PML-IRIS, seen in 
92.3% of the patients (with patchy and/or punctuate pattern in 70.8% and 45.8% respectively), 
followed by new T2 lesions with a perivascular distribution pattern (34.6%). In those patients 
with contrast enhancement, the enhancement was present in the lesion periphery in 95.8% of 
the patients. Contrast-enhancing lesions with a perivascular distribution pattern outside of the 
PML lesion were observed in 33.3% of the patients. The most common overall pattern was con-
trast enhancement in the border of the PML lesion with either a patchy or punctuate appearance 
in 88.5% of all patients.

Conclusions
Contrast enhancement is the most common earliest sign of natalizumab-associated PML-IRIS 
with a frequent imaging pattern of contrast-enhancing lesions with either a patchy or punctuate 
appearance in the border of the PML lesion.
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Introduction
    
Progressive multifocal leukoencephalopathy (PML) is a rare opportunistic infection of the  
central nervous system (CNS) in immunocompromised patients caused by reactivation and 
replication of JC virus (JCV) leading to a lytic infection of astrocytes, oligodendrocytes and 
neurons.1-3 Natalizumab (Biogen Inc, Cambridge, Massachusetts, USA), a humanised  
monoclonal antibody against the α4-integrin adhesion molecule affecting the ability of  
immune cells to attach and to pass through the blood-brain barrier, is approved for the  
treatment of relapsing multiple sclerosis (MS).4,5 PML is a well-known adverse event  
in natalizumab-treated patients and as of 3 March 2015, 538 confirmed PML cases in  
natalizumab-treated patients with MS have been reported.6,7

On the basis of the JCV serostatus, treatment duration and immunosuppressant therapies prior 
to the initiation of natalizumab treatment, patients with MS can be classified according to their 
risk of developing PML.8,9 This has led to the concept of strict pharmacovigilance, in particular 
for those patients who have a high risk of developing PML.10 MRI of the brain plays a crucial 
role in natalizumab pharmacovigilance since it has been conclusively shown that MRI can  
detect PML in very early stages even while the patient does not show any clinical  
symptoms suggestive of PML (asymptomatic PML).11,12 In addition, the detection of  
natalizumab-associated PML in an asymptomatic stage is associated with a better functional 
outcome compared with the diagnosis of PML at a symptomatic stage.11-15

Brain MRI plays an important role in the diagnosis of PML, monitoring of the lesion evolution 
and in the detection of imaging findings suggestive of immune reconstitution inflammatory  
syndrome (IRIS).16,17 IRIS is defined as an inflammatory immune response against causative  
pathogens or non-infectious antigens during or after partial and full recovery of the immune 
system in previously immunocompromised patients.18,19 In natalizumab-treated patients with 
MS diagnosed with PML, plasma exchange (PLEX) or immunoadsorption (IA) are frequently 
used to accelerate the clearance of natalizumab, thus restoring the immune system and leading 
to lymphocytes trafficking into the brain. This stage is characterised by a simultaneous  
presence of PML and inflammatory lesions (PML-IRIS) presenting with certain clinical,  
imaging and histopathology findings.16,18-21 Clinically, PML-IRIS is characterised by new  
clinical symptoms and/or worsening of existing clinical symptoms associated with progressive 
imaging findings of active inflammation. Recent reports have conclusively demonstrated that 
frequent imaging characteristics of later PML-IRIS stages are contrast enhancement, rapid  
progression of existing PML lesions showing mass effect with swelling and oedema.6,16,17,20–25

Although conclusive data is lacking so far, it has been hypothesised that an early and specific 
diagnosis of PML-IRIS using MRI has crucial clinical relevance since an early treatment  
intervention (e.g., steroid treatment) might be associated with a more favourable outcome. A  
false-positive PML-IRIS diagnosis resulting in the use of steroids at a premature stage may lead 
to a PML re-activation and progression with probably negative clinical consequences.26-28 Most 
of the data on natalizumab-associated PML-IRIS imaging findings are based on symptomatic 
and later PML-IRIS stages.6,16,21-24 Therefore, there is an urgent need for advancing knowledge 
in early PML-IRIS detection on brain MRI. However, the imaging characteristics of early 
PML-IRIS in natalizumab-treated patients with MS have not been investigated so far.

MRI characteristics of early PML-IRIS  | 
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The aim of our study was to investigate the imaging characteristics of early PML-IRIS in 
natalizumab-associated PML and to describe an imaging pattern, which might aid the early 
diagnosis and up-front treatment intervention of PML-IRIS.

  
Patients and Methods

Standard protocol approvals, registrations, and patient consents
Brain MRI is included in the standard patient care for natalizumab-treated patients with MS 
with respect to treatment efficacy and safety monitoring. Prior to this study, we obtained a  
waiver from our local institutional review board (IRB) stating that the requirements of the 
Medical Research Involving Human Subjects Act (WMO) did not apply and that official IRB 
approval was not mandatory. Written informed consent was obtained from all participants for 
the use of the clinical and imaging data for research and teaching purposes.

Study design and patient selection
This was a retrospective study using brain MRIs for the diagnosis and follow-up of  
PML lesions in natalizumab-treated patients with MS. Sixty-one patients with  
natalizumab-associated PML obtained from two previously described data sets (17 patients 
form the Dutch natalizumab-associated PML cohort and 44 patients referred by other  
institutions to our centre for second opinion and research purposes, Figure 1)13 were screened 
for any imaging signs suggestive of PML-IRIS after the discontinuation of natalizumab  
treatment and the reconstitution of the immune system by natural natalizumab washout or  
natalizumab removal by PLEX/IA. We defined imaging findings suggestive of PML-IRIS  
according to PML-IRIS imaging findings with histopathology confirmation as previously  
described in the literature.20,21 This included the first manifestation of any new lesion(s) with 
inflammatory characteristics (one of the following imaging signs: contrast enhancement, new 
T2 lesions with a perivascular distribution pattern, oedema, mass effect) occurring after the 
reconstitution of the immune system either after natalizumab discontinuation and natural 
washout or after PLEX/IA. In a second step, imaging signs suggestive of PML-IRIS were  
verified by reviewing follow-up brain MRIs. We defined the following inclusion criteria: (1) 
symptomatic or asymptomatic natalizumab-associated PML diagnosed according to the  
American Academy of Neurology (AAN) PML diagnostic criteria as definite, probable or  
possible PML.29 (2) Availability of brain MRI at the time of diagnosis and during follow-up 
including the stage of PML-IRIS and post-PML-IRIS stage. (3) A multisequence brain MRI 
protocol including T2 and/or fluid-attenuated inversion recovery (FLAIR) and postcontrast 
T1-weighted sequences. (4) Imaging materials collected in the Digital Imaging and  
Communication in Medicine (DICOM 3) file format. Exclusion criteria were defined as: (1) 
any sign of inflammation on brain MRI including contrast-enhancing PML lesions suggestive 
of ‘inflammatory PML’ at the time of (suspected) PML diagnosis because the underlying  
pathogenesis and evolution of these inflammatory findings suggestive of ‘inflammatory PML’ 
(e.g., overlap and/or interaction with PML-IRIS lesions) are not well understood. (2) Bad image 
quality not suited for diagnostics purposes (ie, movement artefacts, bad repositioning, etc).

Chapter 4.1
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Figure 1. Flowchart presenting the patient selection and the decision-making according to the inclusion and exclusion criteria  
(IRIS, immune reconstitution inflammatory syndrome; PML, progressive multifocal leukoencephalopathy).

Image analysis and interpretation
All MRIs were analysed on a digital workstation by two raters in consensus (MPW and MTW) 
with special expertise in the field on inflammatory diseases of the CNS. The first follow-up 
MRI scan, showing imaging characteristics suggestive of PML-IRIS according to previously 
published PML-IRIS characteristics20,21 were analysed and categorised: (1) occurrence of  
contrast enhancement in the brain. (2) Occurrence of new and persistent lesions showing new 
signs of mass effect and/or oedema. (3) Occurrence of new T2 lesions with a perivascular  
distribution pattern. The characteristics of contrast enhancement was further classified  
according to the localisation (in the centre of the PML lesions, at the border of the PML lesions, 
outside of the PML lesions with a perivascular spread, or outside of the PML lesion without a 
perivascular spread) and the enhancement pattern (punctuate, homogeneous, patchy).  
Finally, the images were further evaluated to identify the presence of any signs of meningeal 
inflammation.

MRI protocols
Since the PML cases were collected from different centres, the image acquisition parameters 
including pulse sequences, head coils and magnetic field strengths (1.5T and 3T) and  
parameters related to spatial resolution were heterogeneous and based on local MRI protocols. 
In all patients the MRI protocol during follow-up, including the PML-IRIS scan, consisted of 
T2-weighted/proton density-weighted, FLAIR, and postcontrast T1-weighted MRIs. In 17  
patients, precontrast T1-weighted images were also available during follow-up.

Statistical analysis
Descriptive statistics were used to describe the different imaging characteristics of PML-IRIS. 
Categorical data were summarized as frequencies and percentages, continuous data as median 
and range.
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Results

Patients
Among the screened 61 patients with natalizumab-associated PML, 26 patients met the  
inclusion criteria and were included in this study (Figure 1). The demographic and clinical  
information of this patient group is given in Table 1, and the information on follow-up scanning 
intervals is presented in Table 2.

Table 1. Demographic and clinical information of the study participants

                                                     Median [range]

Gender (female/male), n (%) 16 (61.5)/10 (38.5)

Age (years) 42.5 [33 – 71]

Natalizumab treatment duration (doses) 42.5 [17 – 84]

Interval between last natalizumab dose and PML-IRIS on MRI (days) 65 [14 – 147] 

Interval between PML diagnosis and PML-IRIS on MRI (days) 42 [6 – 98] 

Asymptomatic at the time of PML diagnosis, n (%) 5 (19.2)

Symptomatic at the time PML diagnosis, n (%) 21 (80.8)

Patients who recieved corticosteroids <30 days prior to PML-IRIS, n(%) 4 (15 .4)

IRIS, immune reconstitution inflammatory syndrome; PML, progressive multifocal leukoencephalopathy.

Table 2. Characteristics of brain MRI follow-up after PML diagnosis    

                                                  Median [range]

Number of follow-up scans available until, and including, PML- IRIS scan 2.5 [1 – 6]

Interval between follow-up scans from diagnosis until PML-IRIS (days) 16.8 [6 – 98]

Interval between first PML-IRIS signs on MRI and previous MRI visit (days) 15.5 [5 – 93]

IRIS, immune reconstitution inflammatory syndrome; PML, progressive multifocal leukoencephalopathy.

Early PML-IRIS imaging findings
Imaging findings of the first presentation of PML-IRIS during follow-up after PML diagnosis 
are presented in Table 3. Contrast enhancement was the leading imaging finding present in 24 
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of the 26 patients (92.3%). With respect to a pattern of early PML-IRIS, we found that contrast 
enhancement either patchy (n=17) and/or punctuate (n=11) at the border of the PML lesion was 
the most evident pattern of early PML-IRIS and was present in 23 of the 26 cases (88.5%).

Five patients in this group showed a combination of punctuate and patchy contrast  
enhancement (Figures 2 and 3). In addition, 8 of the 23 cases presented with additional  
perivascular enhancement (7 with corresponding T2 lesions, 1 without corresponding T2  
lesions) (Figure 4) and 5 cases had contrast enhancement in the centre of the lesion as well. 
Among the 24 patients with contrast enhancement, 1 patient presented with perivascular  
enhancement (with corresponding perivascular T2 lesions) and without any enhancement in the 
border or centre of the PML lesion. Of the two patients showing no contrast enhancement, one 
patient had small punctuate T2 lesions with a perivascular distribution pattern in combination 
with subtle mass effect and signs of edema. The other patient showed some subtle signs of mass 
effect only without any contrast enhancement at all. This particular patient was not treated with 
steroids before the occurrence of PML-IRIS lesions. These imaging findings were considered 
as highly suggestive of PML-IRIS and most likely not due to MS disease activity as previously 
suggested by expert panel guidelines.17

Table 3. Imaging characteristics of early PML-IRIS    

                                                                                      Number of patients (%)

Mass effect 10 (38.5)a

Signs of edema 7 (26.9)a

Perivascular T2 lesions 9 (34.6)a

Contrast-enhancing lesions
 Localization of contrast-enhancement
 In the center of PML lesions  
  At  the border of PML lesions 
 Outside of PML lesionsc 
 Punctuate perivascular enhancementd 
 Pattern of contrast-enhancemente

 Punctate     
 Homogeneous 
 Patchy

24 (92.3)a

4 (16.7)b

23 (95.8)b

3 (12.5)b

8 (33.3)b

11 (45.8)b

0 (0)b

17 (70.8)b

Signs of meningeal inflammation 0 (0)a

a Percentage of all 26 patients. bPercentage of the 24 patients with contrast-enhancing lesions. c Without a distinct perivascular  
distribution. d Perivascular enhancement pattern was only considered for enhancing lesions with a perivascular enhancement pattern 
outside of PML lesions and these lesions were per definition punctuate. e The punctuate enhancing lesions with a perivascular  
distribution pattern are not included in these numbers. PML, progressive multifocal leukoencephalopathy, IRIS, immune reconstitution 
inflammatory syndrome
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Figure 2. Axial T2-weighted (A and C) and contrast-enhanced T1-weighted images (B and D) of a reference MRI (A and B) and follow-up 
MRI (C and D) showing the first imaging signs suggestive of progressive multifocal leukoencephalopathy with immune reconstitution 
inflammatory syndrome (PML-IRIS). This patient showed the most frequent pattern of PML-IRIS with patchy contrast enhancement at the 
border of the lesion (arrows). In this patient, contrast enhancement was the only imaging sign suggestive of inflammation.  
This PML-IRIS lesion was not associated with any signs of swelling or edema.

Figure 3. Axial fluid-attenuated inversion recovery (FLAIR) (A and C) and contrast-enhanced T1-weighted images (B and D) of a reference 
MRI (A and B) and follow-up MRI (C and D) showing contrast enhancement at the border of the lesion (closed head arrows). In addition, 
there were signs of perifocal swelling on the FLAIR image (C) with a white sulcus sign (open head arrow). In the vicinity of the progressive 
multifocal leukoencephalopathy lesion there are small punctuate contrast-enhancing lesions visible (D, open head arrow).
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Figure 4. Axial T2-weighted (A and C) and contrast-enhanced T1-weighted images (B and D) of a reference MRI (A and B) and follow-up 
MRI (C and D) showing a substantial growth of the main progressive multifocal leukoencephalopathy (PML) lesion (A and C, open head 
arrow). On the follow-up scan, there are multiple small focal enhancing lesions in the deep white matter partially with a perivascular 
distribution pattern (D, closed head arrows). The main PML lesion itself did not show any contrast enhancement.

Discussion

In patients with natalizumab-associated PML, MRI monitoring of PML lesion evolution and 
detection of possible signs of inflammation suggestive of PML-IRIS is performed to guide the 
treating physicians in terms of treatment decision-making and patient management. The 
knowledge of natalizumab-associated PML-IRIS lesions is based on single case studies in later 
disease stages. However, the early imaging signs and characteristic MRI patterns of PML-IRIS 
have never been systematically investigated. In our retrospective study, we analyzed brain MRI 
findings of patients with natalizumab-associated PML during a follow-up period and described 
the imaging characteristics of the first findings suggestive of inflammation. The scoring scheme 
we developed was based on imaging and histopathological characteristics of PML-IRIS  
previously described in the literature in patients with natalizumab-associated PML.6,16,22,23,30-32 

Our data suggest that contrast enhancement is the most frequent imaging sign of early  
PML-IRIS, found in 24 patients of the 26 included. Contrast enhancement with either patchy or 
punctuate enhancement at the border of the PML lesion was the most evident imaging pattern 
being present in 23 of the 26 cases (88.5%). Pathophysiologically, this can be explained by the 
fact that active lytic JCV infection of white matter cells is mainly present in the periphery of the 
PML lesion where the myelin is still relatively preserved compared with the centre of the  
lesion.33 It can be assumed that in these areas of relatively high viral load, the immune reaction 
after immune reconstitution is more prominent and imaging signs suggestive of inflammation 
such as contrast enhancement will be obviously present. This PML-IRIS imaging pattern with 
contrast enhancement in the border of the PML lesions has been confirmed in case series with 



4

144 |  Chapter 4.1

subsequent histopathological verification showing severe inflammation with CD8-positive  
 T cells and plasma cells in these areas.21,34

Another important aspect of inflammation in patients with natalizumab-associated PML-IRIS 
is the presence of small punctuate contrast-enhancing lesions outside of the main PML lesion 
with a perivascular distribution, present in 33.3% of the patients with contrast enhancement. 
These small punctuate contrast-enhancing lesions can even be the leading imaging sign of 
PML-IRIS. This imaging phenomenon is supported by histopathology data demonstrating an 
abundance of B cells as well as CD8-positive T lymphocytes outside the main PML lesions 
particularly in the perivascular spaces of patients with PML-IRIS.20,21 We did not observe any 
enhancement of the leptomeningeal or pachymeningeal structures suggesting that the  
inflammation during PML-IRIS is rather exclusively present in the brain parenchyma.  
In addition, it is worth stressing, that other signs of inflammation such as perilesional oedema 
leading to focal swelling of the brain parenchyma occur almost exclusively in combination  
with the presence of contrast-enhancing lesions. Subtle perilesional oedema without any  
contrast-enhancing lesions was only observed in one single patient.

One strength of our study is the fact that all patients had a confirmed diagnosis of PML fulfilling 
the diagnosis of possible, probable or definite PML according to the AAN diagnostic criteria.29 
The diagnosis PML was further strongly supported by clinical and imaging follow-up  
examinations confirming the PML-IRIS diagnosis according to suggested PML-IRIS imaging 
characteristics that were based on histopathology confirmation as described in the  
literature.20,21,30 This is important since natalizumab discontinuation without having PML can 
occasionally lead to imaging findings that mimic IRIS.35,36 In addition, in order to create a 
rather homogeneous data set to allow a rather straight-forward MRI assessment of new findings 
suggestive of inflammation, we excluded all patients from the analysis showing signs of  
inflammation at the time of PML diagnosis prior to natalizumab discontinuation.14,37,38

Since there are no strict guidelines on the management and treatment of patients with  
natalizumab-associated PML, the data sets of PML-IRIS detection using MRI are rather  
heterogeneous in terms of the frequency of MRI. The lack of standardisation is one  
considerable limitation of this study. Further limitations include different PML treatment  
strategies and the administration of steroids prior to the occurrence of PML-IRIS lesions as in 
four of our patients. However, natalizumab-associated PML is a rare side effect and the  
collection of non-standardised clinical and imaging data sets from multiple centres is the only 
possibility to reach a substantial number of patients for research purposes.

Strictly speaking, PML-IRIS is a histopathological diagnosis and our observed imaging  
findings suggestive of PML-IRIS have not been verified by histopathology. However, this was 
an in vivo imaging study and in a clinical routine setting, the diagnosis of PML-IRIS has to  
be made on clinical and/or imaging findings only. Finally, we were formally not able to  
differentiate our PML-IRIS imaging findings from possible MS rebound disease activity.35,36 
However, the data in the literature strongly suggest that PML-IRIS occurs first followed  
by reoccurrence of MS activity in later follow-up stages supporting the assumption that  
we detected signs of inflammation due to PML-IRIS and not due to MS disease  
activity.11,16,17,22,23,25,32,36
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In conclusion, the dominant imaging sign of early natalizumab-associated PML-IRIS is  
contrast enhancement following a characteristic pattern with either patchy or punctuate  
enhancement at the border of the main PML lesion. In addition, small punctuate  
contrast-enhancing lesions outside of the PML lesions, partially with a perivascular distribution 
pattern, can be observed in a considerable number of patients. This pattern can be explained  
by the histopathologically confirmed observation of inflammatory cells in the perivascular  
spaces. We hope that this data will aid the early detection and an accurate diagnosis of  
natalizumab-associated PML-IRIS, which will lead to an early treatment with a more  
favourable clinical outcome.
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Introduction

Natalizumab (Tysabri, Biogen-Idec Inc, Cambridge, MA, USA) is an effective drug for the 
treatment of multiple sclerosis (MS). Patients treated with natalizumab are at higher risk 
of developing progressive multifocal leukoencephalopathy (PML). Magnetic resonance  
imaging (MRI) has become crucial in the drug surveillance in terms of an early (preferably  
presymptomatic) detection and monitoring of natalizumab-associated PML with special regard 
to the occurrence of an immune reconstitution inflammatory syndrome (IRIS).1 

Natalizumab-associated PML is characterized by rather heterogeneous imaging findings  
particularly in the early disease course. Recently, a rare PML imaging pattern with  
punctiform enhancing lesions has been described in a patient with an asymptomatic course 
of natalizumab-associated PML.2 It remains unclear what this inflammation pattern in acute 
PML represents regarding the underlying histopathology and possible consequences for the 
disease progression or PML-IRIS development. In this case report, we describe a patient with 
acute natalizumab-associated PML presenting with punctate enhancing lesions suggestive of  
perivascular inflammation and discuss the importance of correctly interpreting this imaging 
finding in terms of differentiating productive JC virus infection from early presymptomatic 
PML-IRIS manifestation.

Case report

A 45-year-old female with relapsing-remitting MS (5 years disease duration, EDSS 2.0)  
complained of subacute slurred speech and mild ataxia of her right arm after completing 51 
infusions of natalizumab. Natalizumab treatment was immediately discontinued. She was  
tested positive for serum antibodies against JC virus 6 months earlier. MRI showed multifocal 
classical PML lesions in the cerebellum and supratentorial brain. In addition, a group of small 
punctate T2-/FLAIR-hyperintense lesions was identified in the deep white matter of the left 
parietal lobe suggesting a perivascular distribution pattern with contrast-enhancement (Figure). 
Quantitative polymerase-chain-reaction (PCR) of the cerebrospinal fluid (CSF) revealed 5301 
copies/ml of the JC-virus DNA. The diagnosis of inflammatory PML was established (day1). 
Therapy with mirtazepine (60 mg/day) and mefloquine (250mg/day) was initiated.

Because of subtle clinical deterioration (without radiological progression) during the second 
week a course of five plasma-exchanges (PLEX) was started (natalizumab concentration 
decreased from 15 to 0.2μg/mL). In week 4, intravenous methylprednisolone (IVMP) treatment 
was initiated because of suspected early PML-IRIS based on progressive clinical symptoms 
and PML lesion progression, particularly of the lesions with perivascular  
enhancement on MRI, resulting in clinical stabilization for 1 week. In week 6, clinical decline 
followed with anarthria, visual loss, a right-sided hemiparesis and severe ataxia. A second  
course of IVMP was given and a lumbar puncture was performed. The number of JC-virus 
DNA copies in the CSF increased to 14823 copies/ml suggesting PML progression. Follow-up 
MRI showed further increase of the contrast-enhancing lesions suggestive of perivascular  
inflammation. In week 13, MRI showed multifocal new areas of pathological contrast- 
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enhancement as well as progressive T2-lesions indicating PML-IRIS. Simultaneously, the areas 
of perivascular contrast-enhancement regressed and subsequently resolved. At the same time 
no JC-virus DNA could be observed in the CSF anymore. After completion of a new 3-day 
course of IVMP, she developed a pneumonia which was successfully treated with antibiotics. 
She clinically improved slightly but still showed signs of PML-IRIS on MRI. She slowly im-
proved upon a new IVMP treatment (week 17) that was tapered over weeks. After the 5th IVMP 
course in week 21 with tapering over months, her clinical situation improved with residual 
neurological symptoms including minimal right-sided paresis, moderate ataxia of the  
extremities, moderate to severe gait-ataxia and motor aphasia.

Figure. Summary of the disease course of our patient demonstrating the diagnostic and therapeutic procedures as well as the  
corresponding MR images. Bottom row: axial fluid-attenuated inversion recovery (FLAIR). Top row: contrast-enhanced T1-weighted 
images, except the first (baseline) MRI scan performed on 2 January 2012, which was performed according to the scheduled follow-up 
scheme without any signs of PML clinically and on MRI. Please note the perivascular inflammation at the time of PML diagnosis and  
during follow-up (white closed-head arrow) and the subcortical PML lesions (white open-head arrow). During follow-up the perivascular 
lesion showed progression in combination with an increase of JC virus load in the CSF. At later stages (3 October 2012, 14 November 
2012), when the JC virus became undetectable, the perivascular inflammation regressed and disappeared, whereas imaging findings 
suggestive of IRIS were visible with new areas of contrast enhancement (black circles) in combination with progressive T2-lesions  
showing subtle mass effect (white closed-head arrows). The timeline presented at the top represents the duration (weeks) of natalizumab 
treatment. C, copies/ml; CSF, cerebrospinal fluid; Dx, diagnosis; JCV, JC virus; NTZ, natalizumab; PLEX, plasma exchange;  
PML, progressive multifocal leukoencephalopathy.
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Discussion

The role of MRI has become crucial in the early and preferably preclinical diagnosis of PML. 
However, early MRI findings in natalizumab-associated PML are rather heterogeneous.  
Recently, Phan-Ba and colleagues described a rare type of inflammation-pattern with punctate 
gadolinium-enhancing lesions in the posterior fossa in a patient with an asymptomatic course 
of natalizumab-associated PML.2

Our case study stresses that punctate enhancing lesions suggestive of perivascular  
inflammation in the deep white matter of the supratentorial brain reflecting inflammatory PML 
can be one of the earliest and leading imaging findings in natalizumab-associated PML patients. 
The clinical relevance as well as the underlying histopathology of this inflammation pattern in 
PML is not completely understood. Several histopathological studies have demonstrated that 
perivascular distribution of PML can be observed. However, a perivascular inflammation  
pattern is more prominent in PML-IRIS demonstrated by CD8-positive T-cells in the  
perivascular spaces.3 From the imaging point of view, it is challenging to determine the correct 
meaning of this inflammation pattern since even in early stages PML and PML-IRIS can occur 
simultaneously. It is crucial to have a correct imaging-based diagnosis because corticotherapy 
for suspected IRIS at the stage of productive JC virus infection might very well lead to inferior 
clinical outcome.4 

This case report describes this clinical dilemma in detail. Initially, we made the diagnosis of 
inflammatory PML but based on the increased perivascular enhancement after natalizumab 
discontinuation we changed our diagnosis to PML-IRIS leading to early corticosteroid-therapy. 
In retrospect, it is most likely that the initial perivascular inflammation and enhancement was 
due to productive JC virus infection which is also reflected by the substantial increase of virus 
load in the CSF and the corresponding increase of PML manifestations on MRI with stronger 
perivascular enhancement. Another argument is the regression of the enhancement suggestive 
of perivascular inflammation after the virus became undetectable in the CSF and more classical 
IRIS imaging findings were observed. Therefore, longitudinal CSF analysis in combination 
with follow-up MRI may substantially aid in this difficult diagnostic process.

A similar type of inflammation, tiny punctuate T2-lesions adjacent to the PML white matter 
manifestations, have been observed in 72% of natalizumab-associated PML patients.5 Since 
these lesions were associated with gadolinium-enhancement in PML-IRIS stages, it has been 
suggested that these lesions might represent an early immune response in the perivascular  
spaces which will become more prominent in PML-IRIS stages.5 In conclusion, the presented 
punctate enhancing lesion type pattern suggestive of perivascular inflammation in early and/or 
preclinical natalizumab-associated PML emphasizes the broad spectrum of imaging findings 
we have to be aware of. This pattern particularly at early stages does not exclusively represent 
PML-IRIS but can be based on productive JC virus infection with consequences for the correct 
treatment strategy and clinical outcome.
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Abstract

Background and objective 
Natalizumab-associated progressive multifocal leukoencephalopathy (NTZ-PML) patients 
may show imaging signs suggestive of inflammation at diagnosis (‘inflammatory PML’),  
reminiscent of PML-immune reconstitution inflammatory syndrome (PML-IRIS). We  
investigated the imaging characteristics of inflammatory NTZ-PML lesions and PML-IRIS to 
determine differentiating and overlapping features.

Methods
We scored the presence, localization and pattern of imaging characteristics of inflammation  
on brain MRI scans of inflammatory NTZ-PML patients. The imaging characteristics were 
followed up until the occurrence of PML-IRIS.

Results  
Ten out of the 44 NTZ-PML patients included showed signs suggestive of inflammation at 
the time of diagnosis. The inflammation pattern at diagnosis was similar to the pattern seen at 
PML-IRIS, with contrast enhancement representing the most frequent sign of inflammation 
(90% at diagnosis, 100% at PML-IRIS). However, the severity of inflammation differed, with 
absence of swelling and low frequency of perilesional edema (10%) at diagnosis, as compared 
with the PML-IRIS stage (40%).

Conclusions
Patterns of inflammation at the time of PML diagnosis and at the PML-IRIS stage overlap  
but differ in their severity of inflammation. This supports histopathological evidence that  
the inflammation seen at both stages of the same disease shares a similar underlying  
pathophysiology, representing the immune response to the JC virus to a variable extend.
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Introduction

Progressive multifocal leukoencephalopathy (PML) is a serious side effect of  
immunosuppressive therapies particularly seen in multiple sclerosis (MS) patients treated 
with natalizumab (NTZ, Biogen, Cambridge, Massachusetts, USA), a humanised monoclonal  
antibody against the α4-integrin adhesion molecule.1,2 PML is an opportunistic infection of 
the central nervous system (CNS) caused by reactivation and replication of JC virus (JCV), 
characterised by a lytic infection of oligodendrocytes, astrocytes and neuronal cells.3-5 PML 
risk mitigation programme during therapy with NTZ recommends regular clinical assessment, 
laboratory tests (e.g., JCV serostatus) and MRI, aiming at improving the benefit–risk ratio of a 
drug with a known high clinical and MRI efficacy in MS.6-9 

In NTZ-treated MS patients, brain MRI can detect opportunistic infections such as PML at 
very early stages, even prior to the development of clinical symptoms suggestive of PML  
coining the term presymptomatic or asymptomatic PML.10-14 However, the detection of PML 
at an early stage can be challenging, since the imaging findings can be subtle, fluctuating and 
difficult to interpret.15-19 In comparison to classical, HIV-associated cases of PML, NTZ-PML 
displays a higher frequency of MRI signs suggestive of inflammation at the time of diagnosis, 
including contrast enhancement and punctuate lesions with a perivascular distribution pattern, 
reported in approximately 30% of the patients.11,15,16 Such lesions can be the most prominent 
initial imaging sign at the time of PML diagnosis, even in asymptomatic NTZ-PML, reflecting 
inflammation in the perivascular spaces and thereby unmasking the opportunistic infection.19-22 
These observations have led to the term ‘inflammatory PML’, thereby differentiating these 
PML cases from those without any signs of inflammation, termed ‘classical PML’.18,23,24 It has 
been suggested that the inflammation in NTZ-PML is caused by the mode of action of a drug 
that is classified as a selective immune suppressant, with a partial maintenance of immune 
functions in the CNS.25 

‘Inflammatory PML’ shares several imaging and histopathological characteristics with  
PML-immune reconstitution inflammatory syndrome (IRIS).20,21 PML-IRIS is characterised by 
a clinical deterioration despite partial or full recovery of the immune competence in  
previously immunocompromised patients.22,26-30 Inflammatory PML and PML-IRIS often  
are not clearly separated, and terminology is partly conflicting in published literature. In  
‘inflammatory PML’, lytic infection by JCV is supposed to be the leading cause of structural 
brain damage and inflammation, a rather desirable side action of a still partly functioning  
immune system limiting the further spread of and supporting the destruction of the virus. In 
contrast, during PML-IRIS, the immune reactions, initiated by the JCV replication but then 
spreading and becoming an independent factor of tissue destruction, are believed to overshoot 
and become the leading cause of structural brain damage. Thus, the correct interpretation and 
recognition of the two distinct variants of inflammation could affect management and treatment 
of patients with PML.31,32 

Systematic data on the lesion evolution of inflammatory PML lesions and criteria for  
separation from PML-IRIS are lacking. The aim of this study was to investigate characteristics of  
inflammatory PML and PML-IRIS, including the lesion evolution in patients with and without 
signs of inflammation at the time of diagnosis.
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Patients and Methods

Standard protocol approvals, registrations and patient consents
Brain MRI is included in the standard patient care of NTZ-treated MS patients for treatment 
efficacy assessment and safety monitoring purposes. We retrospectively collected clinical,  
laboratory and imaging data from NTZ-PML patients. We obtained a waiver from our local  
institutional review board stating that the requirements of the Medical Research Involving  
Human Subjects Act did not apply and that official institutional review board approval was 
not mandatory. Written informed consent was obtained from all participants for the use of the 
clinical, laboratory and imaging data for research and teaching purposes.

Study design and patient selection
This retrospective study used routine brain MR images for the diagnosis and follow-up of  
PML lesions in NTZ-treated MS patients. We obtained data from 67 NTZ-associated PML  
patients, 25 of whom were derived from the Dutch-Belgian NTZ-associated PML cohort and  
42 patients referred by other institutions to our centre for second opinion and research  
purposes. Figure 1 gives detailed information on the patient selection and inclusion process. 
MR images were collected in the Digital Imaging and Communication in Medicine (DICOM 
3) file format. All MRI scans from the first observation of PML lesions through follow-up 
until and including PML-IRIS stage were collected. Only patients fulfilling the following  
criteria were analyzed for the purpose of this study: (1) availability of T2-weighted and  
contrast-enhanced, T1-weighted images at the time of diagnosis and during PML follow-up; (2) 
MR images of sufficient quality, suitable for diagnostics purposes (ie, no movement artefacts 
or bad repositioning and others); and (3) sufficient data available at diagnosis and during the  
clinical course to enable assessment of the detection of imaging findings suggestive of  
PML-IRIS.33

Figure 1. Flow chart illustrating the patient selection and inclusion process. PML, progressive multifocal leukoencephalopathy.

Image analysis and interpretation
All MRI scans were analyzed on a digital workstation in consensus by two raters (MPW and 
MTW) with special expertise in the field of inflammatory diseases of the CNS. Brain MRI 
scans were screened for signs suggestive of inflammation at the time of PML diagnosis, before 
immune reconstitution (‘inflammatory PML’).
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Imaging characteristics suggestive of inflammation were categorized as recently described33: 
(1) occurrence of contrast enhancement in the brain; (2) occurrence of lesions showing new 
signs of mass effect and/or perilesional edema; per definition, subtle perilesional edema can 
present without any mass effect or swelling; and (3) occurrence of new punctate T2 lesions with 
a perivascular spread. The characteristics of contrast enhancement were further classified  
according to the localization (in the centre of PML lesions, in the border of PML lesions,  
outside of PML lesions with a perivascular spread or outside of PML lesions without a  
perivascular spread) and the enhancement pattern (punctuate, homogeneous, patchy).

In patients showing signs of inflammation at the time of PML diagnosis, the evolution of 
MRI findings was assessed on follow-up MRI scans up to and including PML-IRIS stage.  
Patients were considered to fulfil the PML-IRIS stage when both clinical deterioration and new or  
progressive imaging signs of inflammation were noted on MRI after NTZ cessation.23,26,27,33 
The MRI analysis on the follow-up visits included (1) lesion evolution of the main PML lesions 
(size increase, decrease, stable); (2) contrast enhancement: increase, decrease or stable contrast 
enhancement of pre-existing lesion, new contrast-enhancing lesion, change of the enhancement 
pattern; (3) new small T2 lesions with a perivascular distribution pattern; and (4) new mass 
effect and/or edema.

MRI protocols
Since the PML cases were collected from different centres, the image acquisition  
parameters including pulse sequences, head coils and magnetic field strengths (1.5T and 3T) and  
parameters related to spatial resolution were heterogeneous and based on local MRI  
protocols. In all patients, the MRI protocol at the time of first PML lesion detection  
and during follow-up, including the PML-IRIS stage, consisted of T2-weighted, T2  
fluid-attenuated inversion recovery and postcontrast T1-weighted MR images. In 17  
patients, precontrast T1-weighted images were also available during follow-up. Based on the  
multicentre data acquisition, the scan intervals of follow-up MRI after the diagnosis of PML 
were not standardized and ranged from 1 to 4 weeks.

Results

Patients
Of the screened 67 NTZ-associated PML patients, 44 patients were eligible for analysis.  
Nineteen patients were excluded due to insufficient data available during follow-up of the PML 
disease course, and two were excluded due to insufficient data available at PML diagnosis  
(inclusion criterion 3). Two patients were excluded due to insufficient quality of the MR 
images (inclusion criterion 2). Among the included patients, only the 10 patients who showed  
imaging signs of inflammation at the time of PML diagnosis were selected for the purpose of this  
study (Figure 1). The demographic and clinical information of these 10 patients is presented in  
Table 1, including the diagnostic classification according to PML diagnostic criteria as  
proposed in a consensus statement from the American Academy of Neurology Neuroinfectious 
Disease Section.34 
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With respect to the treatment history before the initiation of NTZ, in 7 of the 10 patients, 
exact data on prior immunotherapy for the treatment of MS prior to NTZ-PML development 
are known. Four were previously treated with interferon beta-1a, one had been treated with  
interferon beta-1a and interferon beta-1b and two had no prior immunotherapy. Of the  
remaining three patients, it is known that they were not previously treated with immuno- 
suppressive therapy, but it is unknown whether they had used immunomodulatory drugs.

Table 1. Demographic and clinical characteristics of the included patients

 Demographic and clinical information of the study participants                                                     Median [range] 

Gender (female), n (%) 7 (70%)

Age (years)1 40 [23 – 55]

Natalizumab treatment duration (doses) at PML diagnosis 44 [12 – 63]

Interval first inflammatory PML MRI scan until last natalizumab administration, in days1

(for patients in whom natalizumab was continued because inflammatory PML lesions were not recognized as PML 
lesions; four cases)

38 [3 – 172]

Interval last natalizumab administration until first inflammatory PML MRI1 (five cases) 20 [3 – 36]

Asymptomatic* at the time of PML diagnosis*, n (%) 2 (20%)

Symptomatic at the time of PML diagnosis, n (%) 8 (80%)

“Definite PML”** at the time of PML diagnosis§, n (%) 7 (70%)

“Probable PML”** at the time of PML diagnosis§, n (%) 0 (0%)

‘Possible PML’‡at the time of PML diagnosis§, n (%) 1 (10%)

“Not PML”** at the time of PML diagnosis§, n (%) 2 (20%)

“Definite PML”** during the observational period§, n (%) 7 (70%)

“Probable PML”** during the observational period§, n (%) 0 (0%)

“Possible PML”** during the observational period§, n (%) 3 (30%)

“Not PML”** during the observational period§, n (%) 0 (0%)

Patients who received corticosteroids prior to PML diagnosis 0 (0%)

Patients who received corticosteroids directly after PML diagnosis 1 (10%)

Interval between PML diagnosis ana PML-IRIS in days during follow-up 66.5  (23–224)

PML=progressive multifocal leukoencephalopathy, IRIS= immune reconstitution inflammatory syndrome 1 data missing for one  
patient.* Asymptomatic PML is defined as no symptoms suggestive of PML. ** “Definite PML”: all patients had a clinical presentation and 
imaging findings suggestive of PML as well as JCV DNA in the CSF detected by PCR. “Probable PML”: all patients were asymptomatic, had 
MRI lesion(s) suggestive of PML and JCV DNA in the CSF detected by PCR. “Possible PML”: all patients had clinical symptoms suggestive 
of PML and MRI lesion(s) suggestive of PML but no JCV DNA detected in the CSF. “No PML”: all patients had MRI lesion(s) suggestive 
of PML but no clinical symptoms suggestive of PML, no JCV DNA has been detected in the CSF. # According to American Academy of  
Neurology (AAN) PML diagnostic criteria34          

 
Imaging characteristics of inflammation at PML diagnosis and during PML-IRIS phase

Global frequency of imaging signs of inflammation
As per definition, all patients analyzed showed signs of inflammation already at the time of 
PML diagnosis, with contrast enhancement seen in 9 out of 10 patients (90%) and perivascular 
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T2 lesions in six patients (60%), among whom one did not display contrast enhancement. At the 
time of PML-IRIS, all patients (100%) displayed contrast enhancement, and the proportion of 
patients with perivascular T2 lesions increased to 8 out of the 10 patients (80%). Perilesional 
edema was seen in only one patient at the time of diagnosis (10%), increasing to four (40%) 
during PML-IRIS. Swelling with mass effect was absent in patients at diagnosis, increasing to 
six (60%) during PML-IRIS.

Characteristics of contrast enhancement
At PML diagnosis and during PML-IRIS, contrast enhancement was seen at the border of the 
PML lesion (8 and 10 patients, respectively), outside of the PML-lesions (six and nine patients, 
respectively) and in the centre of the PML lesion (two and five patients, respectively).

Appearance of contrast enhancement was rarely noted to be homogeneous (none at diagnosis, 
one during PML-IRIS), but either of punctuate (five at diagnosis, eight during PML-IRIS) or of 
patchy character (eight at diagnosis, 10 during PML-IRIS). Figures 2 and 3 show examples  
of different enhancement pattern (punctuate, patchy).

Figure 2. T2- and T1-weighted images (with contrast administration) at the time of PML diagnosis (top row) and at the time of PML-IRIS 
stage (bottom row). The images at diagnosis (‘inflammatory PML’) show subcortical and cortical lesions in the right frontal lobe showing 
contrast enhancement (C and D) in addition to punctuate T2 lesions following a perivascular distribution that also enhance on T1 after 
contrast administration (A and B). These inflammatory PML lesions show different enhancement pattern such as punctuate (B) and patchy 
(D). At the time of PML-IRIS manifestation, the PML lesions have increased in size, and the contrast enhancement of the main PML lesion 
(H and I) as well as in and around the perivascular T2 lesions (F and G) has also markedly increased. In addition, there are now signs of 
oedema with mass effect around the PML lesions (F and H). PML, progressive multifocal leukoencephalopathy; IRIS, immune  
reconstitution inflammatory syndrome.



4

162 |  Chapter 4.3

Figure 3. Fluid attenuation inversion recovery, T2- and T1-weighted images (with contrast administration) at the time of PML diagnosis 
(top row) and at the time of PML-IRIS stage (bottom row). At the time of diagnosis, there are multiple contrast-enhancing punctuate T2 
lesions (punctuate enhancement pattern) with a perivascular distribution visible (A–C). At PML-IRIS manifestation, there is a massive  
increase in the number of contrast-enhancing perivascular lesions and persistence of the contrast enhancement from the time of  
diagnosis (D–F). The increase of punctuate lesions in number and size includes enhancing lesions in the main PML lesions as well as 
outside of the main PML lesion (F). In addition, the main PML lesion had increased in size. PML, progressive multifocal  
leukoencephalopathy; IRIS, immune reconstitution inflammatory syndrome

Individual course of the patients and MRI lesion characteristics
The individual course of lesion characteristics of the patients is shown in Table 2. The clinical 
presentation including Expanded Disability Status Scale has not been systematically assessed 
during and after the PML/PML-IRIS disease course. One single patient (patient number 1) 
died; all other patients survived PML/PML-IRIS. One patient (patient number 7) stayed  
asymptomatic during the whole PML/PML-IRIS disease course. One patient (patient  
number 1) received single course of intravenous (IV) corticosteroids (1000 mg/day for 3 days) 
directly after the diagnosis of inflammatory PML.

Comparing the extent and distribution of contrast enhancement at diagnosis and at the PML-
IRIS stage, 9 out of 10 patients showed new or persisting contrast enhancement following the 
same pattern during PML-IRIS as seen at the time of PML diagnosis (seven patients with new  
contrast-enhancing lesions following a similar pattern and seven patients with persistence of 
the contrast enhancement from the time of diagnosis). The progression of contrast enhancement 
at/during PML-IRIS stages was present in the centre/at the border of the main lesion as well as 
in lesions outside the main PML lesion (Figure 3). In the one patient showing just perivascular 
T2 lesions as imaging sign suggestive of inflammation at the time of PML diagnosis, these  
perivascular T2 lesions started showing additional contrast enhancement, with associated  
edema and mass effect in other locations during the PML-IRIS phase. Figures 2 and 3 show 
examples of the inflammatory PML lesion characteristics at baseline and during follow-up.
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Table. 2 Individual course of lesion characteristics

 Patient                                                   PML diagnosis  
(n=10)

PML-IRIS stage  
(n=10)

Findings at PML-IRIS phase

Persis-
tence of 
enhan-
cement 

seen 
at Dx

New  
enhancement 

in same pattern 
as Dx (border,  

center,
outside, 

perivascular)

Additional
enhancement

with a different
pattern than 
seen at Dx 

(border,
centre, outside,

perivascular)

Persis-
tence of 
perivas-
cular T2 
lesions 

seen at Dx

Appe-
arance 
of new 

perivas-
cular T2 
lesions

New 
edema 
or mass 

effect

1 Contrast enhancement at the 
border of the PML lesions 
and enhancing perivascular 
T2 lesions

Persistent enhancing lesions from 
PML diagnosis. New enhancing 
lesions with a similar pattern.

y y n y n n

2 Contrast enhancement in the 
center and at the border of 
the PML lesions

Persistent enhancing lesions from 
PML diagnosis. New enhancing 
lesions with a similar pattern 
and enhancing perivascular T2 
lesions.

y y y – y n

3 Contrast enhancement at the 
border of the PML lesions and 
enhancing  
punctuate T2 lesions adjacent 
to the main PML lesion

Enhancement from time of 
diagnosis disappears during fol-
low-up. New contrast enhancing 
lesions following-same pattern as 
at diagnosis, plus swelling with 
mass effect.

n y n y y y

4 Punctuate contrast 
enhancement adjacent to the 
main PML lesion and with a 
perivascular spread

Persistent enhancing lesions from 
PML diagnosis. New enhancing 
lesions in the border of the PML 
lesions, plus swelling with mass 
effect.

y n y y n y

5 Contrast enhancement at the 
border of the PML lesions and 
adjacent to the PML lesions

Persistent enhancing lesions from 
PML diagnosis. New enhancing 
lesions with a similar pattern and 
new enhancing lesions in the 
center of the PML lesions plus 
swelling with mass effect.

y y y – n y

6 Contrast enhancement in 
the center, at the border and 
outside of the PML lesions, 
enhancing punctuate T2 
lesions and perilesional 
edema

Persisting enhancement and ede-
ma. New enhancing lesions with a 
similar pattern and swelling with 
mass effect.

y y n y n y

7 Contrast enhancement at the 
border and outside of the 
PML lesion with enhancing 
perivascular T2 lesions

Persisting enhancement. New 
enhancing lesions with a simi-
lar pattern and new enhancing 
lesions outside of PML lesions, 
and new perilesional edema and 
swelling with mass effect.

y y y y n y

8 C ontrast enhancement at 
the border of the PML lesion 
with enhancing perivascular 
T2 lesions

Enhancement from time of 
diagnosis disappears during fol-
low-up. New contrast enhancing 
lesions following-same pattern as 
at diagnosis and new enhancing 
lesions in the center and outside 
of the PML lesion, plus perilesio-
nal edema.

n y y y n y

9 Contrast enhancement at the 
border of the PML lesion

Slight diminishment of earlier 
enhancement, new punctuate 
enhancing lesions outside of the 
PML lesion.

y/n n y – n n

10 Perivascular T2 lesions Contrast enhancement of perivas-
cular T2 lesions and enhancement 
in border and outside of the PML 
lesion, plus perilesional edema 
and swelling with mass effect.

– – y y y y

Dx, diagnosis; IRIS, immune reconstitution inflammatory syndrome; PML, progressive multifocal leukoencephalopathy; n, no; y, yes.
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Discussion

In this study, we systematically describe the imaging characteristics of ‘inflammatory PML’ 
lesions, and we show that the vast majority of these patients continue to show similar signs  
of inflammation during PML-IRIS stages. Signs of inflammation, in particular  
contrast enhancement, seen on brain MRI have been described in approximately 30% of 
NTZ-associated PML patients at the time of PML diagnosis, either in symptomatic or  
asymptomatic disease stage.11,15,16,35 The pathophysiological background of these imaging  
signs suggestive of inflammation remained poorly understood for a long time. Recent  
histopathological data suggested that such inflammation at the time of PML diagnosis might be 
related to an immune response against the JCV, similar to, but less severe than, in patients  
entering the PML-IRIS stage.23,26,27 PML-IRIS lesions are characterized by inflammatory cell 
infiltrations including an abundance of CD8+ T cells and numerous macrophages. In addition, 
surprisingly high plasma cell numbers were reported in NTZ-associated PML-IRIS by one 
histopathological case series, not noted in HIV-associated PML.27 Of importance to our study, 
NTZ-associated inflammatory PML cases generally share these histopathological findings of 
PML-IRIS, including the high plasma cell numbers, although to a lesser extent.27 This also  
refers to specific patterns of inflammation, such as the observation of perivascular cuffing,  
observed in PML-IRIS patients as well as in inflammatory PML patients.26 Obviously, even in 
early PML stages, CD8+ cytotoxic T cells are able to attack the JCV and control the PML  
disease activity.36 

In fact, our in vivo imaging study is in line with these histopathological data. In general, the 
vast majority of our patients showed a similar imaging pattern of inflammation at the time of 
PML diagnosis as during the PML-IRIS stage. Although the imaging pattern suggestive of 
inflammation remained similar during follow-up, the severity of inflammation increased at the 
PML-IRIS stage including new enhancing lesions, swelling and perilesional edema. As such, 
imaging patterns of inflammation at the time of PML diagnosis and at the PML-IRIS stage 
likely are no distinct entities, but rather differ in their extent of inflammation. This supports 
experimental evidence that the inflammation seen at both stages of the same disease may share 
a similar underlying pathophysiology, representing the immune response to the causative JCV 
to a variable extent.27 

Comparing our present inflammatory PML patients to our recently published ‘classic’  
NTZ-PML cohort without any imaging signs of inflammation, the time interval between 
PML diagnosis and PML-IRIS occurrence was longer for patients with ‘inflammatory’ PML  
(66.5 days, range 23–224 (Table 1) vs 42 days, range 6–98 days). In addition, one of our 
inflammatory PML patients received IV corticosteroids directly following the diagnosis of 
inflammatory PML, whereas four patients of the non-inflammatory PML cohort received  
corticosteroids <30 days to PML-IRIS manifestation.33 It remains unclear if this difference 
holds up in independent cohorts and if this is of clinical relevance. However, it could have 
influenced the patient management.37 

In general, the investigation of any link between the clinical outcome and the described MRI 
findings was not the aim of this study. Owing to the rather small size of our study, we were 
unable to link presence or absence of inflammation at the time of PML diagnosis to clinical  
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outcome, warranting larger studies and a prospective, multicentric approach. Furthermore, 
another open question is if patients with signs of inflammation on imaging should be treated 
differently as compared with patients with classical PML. Potential differences in the patient 
management could relate to the early administration of corticosteroids even before the patient 
is classified as PML-IRIS or the use of measures of enhancing NTZ clearance depending on 
imaging characteristics (plasmapheresis/immunoabsorption). Additional biomarkers such as 
virus-specific antibody responses in blood, cerebrospinal fluid (CSF) or T cell responses that 
classify and quantify the immune response against JCV at the time of PML diagnosis may  
potentially be useful tools for individualizing therapeutic regimens.31,32,38,39 

This study has limitations. First of all, the number of patients in our study presenting with ima-
ging signs suggestive of inflammation with a complete clinical and radiological follow-up until 
the PML-IRIS stage is rather small. Although these patients are well characterized in terms of 
patient management, treatment and comorbidity, we cannot exclude that some of these aspects 
could have influenced the clinical and imaging presentation. Further studies including larger 
numbers of patients are needed to further support our results.

In conclusion, our study demonstrates that an imaging pattern suggestive of inflammation 
at the time of PML diagnosis in NTZ-treated MS patients shares imaging characteristics of 
PML-IRIS in later disease stages. Many of these initial inflammatory PML lesions develop into  
sites of severe inflammation at PML-IRIS stage. This further supports histopathological and  
experimental data that this inflammation at the time of PML diagnosis is most likely based on a 
lymphocytic response against the JCV due to an incomplete immune suppression during NTZ 
treatment.
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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.
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Introduction

The valuable contribution of MRI to the diagnosis, and particularly the differential diagnosis, 
of multiple sclerosis (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 criteria for the diagnosis of MS (also called the 
McDonald criteria).4-6 Nonetheless, the use of MRI in follow-up 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 assessment and monitoring of treatment  
efficacy is well recognized. With the approval of a new generation of MS drugs, the  
applications of MRI in treatment monitoring have broadened beyond tracking of disease  
progression to include detection of opportunistic infections and paradoxical reactions.  
The emerging pharmacological approaches that target pathogenetic pathways for  
preventing MS progression (for example, by promoting remyelination) will require new imaging  
approaches to monitor disease activity.7-9

In the second part of the MAGNIMS consensus guidelines 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 
monitoring, how to establish prognosis, and how to assess the efficacy 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 MAGNIMS-affiliated institutions across six different countries. 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 up-to-date 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 prognosis. During the 3 years after the meeting in Spain, the 
panel analysed relevant publications on the application of brain and spinal cord MRI for  
prognostication and for monitoring of disease activity and treatment efficacy. These guidelines 
were first drafted by the principal author, and were based on contributions from each panellist, 
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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 
accumulation at early and late follow-up.12 A large 20-year follow-up 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 follow-up.  
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 measured by the Expanded Disability Status Scale (EDSS).13 However,  
subsequent research indicated that the topography 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 conversion 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 accumulation.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 contrast-enhancing lesions in patients with optic neuritis 
have predictive value for disability accumulation at 6-year follow-up.16 Furthermore, the  
presence of at least two infratentorial lesions in patients presenting with CIS seems to have high 
predictive value for long-term disability.17

MRI markers 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 recommendation 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 neoplastic disease, or 
adverse effects of treatments). Treated patients with MS are a heterogeneous population with 
different levels of disease activity and susceptibility to drug-related adverse events. Follow-up 
MRI can reveal multiple measures of MS pathology, but the usefulness and reliability of these 
measures vary.
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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, particularly with regard to contrast-enhancing lesions.21,22 This limitation arises from 
the technical challenges of spinal cord MRI acquisition – relating mostly to image artefacts  
associated with vascular and cerebrospinal fluid pulsation – and the difficulty of standardizing 
the assessment 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 follow-up seems rather limited.

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. Contrast-enhanced T1-weighted 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 subclinical disease activity and disease progression (Figure 1).24,25 In addition to  
contrast-enhancing and active T2 lesions to measure acute MS-related 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   

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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Global brain volume changes
The pathological hallmark of MS is the presence of multiple 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

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.

In a complex disease such as MS, brain volume loss results from the sum of and interactions 
between various destructive pathological processes,42 including irreversible 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 disease-modifying therapies on these parameters.26,32  
In a recent meta-analysis of clinical trials, the overall effect of treatments on brain atrophy 
correlated with the effect on disability.43 In many trials, however, disease-modifying 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 stabilization during the second year of  
treatment.41 This phenomenon is called pseudoatrophy, and it seems to be directly associated 
with the resolution of ongoing white matter inflammation induced at the time of treatment  
initiation.32,44-47 To identify pseudoatrophy during a clinical trial, brain volume should be  
measured every 3–6 months.25

In addition to disease-specific changes, lifestyle-related factors (including alcohol  
consumption, smoking, dehydration and BMI), genetics (such as the presence of an APOE*ε4 
allele), and concomitant pathophysiological conditions (such as diabetes and/or other  
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cardiovascular risk factors) can affect brain volume. Clinical interpretation 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 hardware, 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 reliable at  
present. Further studies are needed to establish normative values for brain volume changes – 
both in healthy individuals 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 magnetization 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 pathological 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 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 cellular structures that hinder water diffusion. 
The local tissue microstructure is evaluated with several indices, including mean diffusivity 
and fractional anisotropy, which correlate with myelin content, tissue integrity and axonal 
loss.54 Proton magnetic resonance spectroscopy (1H-MRS) can add information on the  
biochemical nature of MS-related 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 MS-related  
damage within focal lesions or in normal-appearing 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, structural CNS damage has been shown 
to progress at different rates across the major clinical phenotypes of MS. Global and regional 
quantitative MRI abnormalities correlate 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 measurement and monitoring of disease-related  
mechanisms that occur before the development of atrophy, which primarily occurs in the late 
stages of MS. To date, very few clinical trials have included these metrics as outcome  
measures.59-62 One method that was developed to monitor changes in the magnetization  
transfer ratio in individual lesion voxels revealed evidence consistent with demyelination and 
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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 single-centre clinical trial that used magnetization transfer MRI, which  
suggested that alemtuzumab protects against grey matter damage.64 A recent combined  
magnetization transfer MRI and 1H-MRS study showed that patients treated with laquinimod 
tend to accumulate less microscopic white and grey matter damage than those receiving  
placebo.65

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

Statements and recommendations
•  T2-weighted and contrast-enhanced T1-weighted 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 long-term disability32

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

•  Rates of change in brain volume are not recommended as a marker of disease progression 
in individual patients, owing to the technical, biological 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 investigated; 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 MRI-visible disease activity  
despite treatment with DMDs are categorized as ‘nonresponders’.66-69 Early identification of 
nonresponders to first-line therapies would enable a prompt switch to a more effective  
treatment,70 but predicting which individual patients will respond to DMDs, and to what  
degree, is challenging.

Early prediction
Some evidence suggests that certain baseline demographic variables (for example, age at  
treatment initiation), clinical factors (including disease duration at treatment initiation and  
pretreatment relapse rate) and MRI measures related to disease activity (such as baseline lesion 
load) can help to indicate which patients will benefit most from a first-line DMD, and who will 
have a poor response.66,71-74 However, the relevant studies mainly analyzed cohorts receiving 
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different IFN-β formulations, produced preliminary or inconsistent results, and have failed to 
satisfactorily predict treatment response in clinical practice.70 Other MRI-derived 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 
analyzed for treatment response predictions. Therefore, the use of these measures at baseline 
and over follow-up 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 clinical 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 follow-up 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. Contrast-enhancing lesions are considered to be 
a marker of blood–brain barrier disruption, which has been associated 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 (pretreatment) 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 follow-up 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 –12-month follow-up 
scan does not necessarily reflect suboptimal response; it could simply be ongoing disease acti-
vity during the period before treatment was initiated or before the drug became effective.84,85 
Accordingly, some experts have proposed that the reference scan should be performed 6 months 
after – rather than before – treatment initiation.81,86

Follow-up measurement
Gadolinium-enhancing 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 identified as new 
gadolinium-enhancing lesions, owing to their small size or their location in areas with confluent 
lesions.87 Nonetheless, recognition of disease activity cannot rely exclusively on  
gadolinium-enhancing lesions. New inflammatory lesions take up gadolinium for only around 
3 weeks after development,88 and the recommended interval between baseline and follow-up 
scans is typically 3–6 months. Therefore, contrast-enhancing lesions are not sufficiently  
sensitive to act as sole measures of disease activity.

Detection of active T2 lesions can be hindered by multiple factors, including a high load of 
inactive T2 lesions, inadequate repositioning of serial scans, and interobserver variability.89 
Image subtraction can overcome these issues, thus providing good visualization and quantifica-
tion of active and negatively active (that is, shrunken or resolved) T2 lesions (Figure 3).90  
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However, subtraction requires time-consuming post-processing steps, and is susceptible to  
artefacts. Long-interval T2-weighted 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 contrast-enhanced T1-weighted imaging.90,91  
Application of automated subtraction in treatment trials or for treatment monitoring can  
improve cost-effectiveness 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

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).

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 follow-up 
have shown considerable variation (Table 1). Moreover, these criteria have been developed 
almost exclusively in patients receiving different formulations of IFN-β; 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 laboratory biomarkers to enrich the 
predictive power for treatment response in individual patients, and should be validated in  
patients receiving DMDs other than IFN-β.
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Table 1. MRI criteria for predicting treatment response

 Criteria                                                    Results Outcome 

Three or more active lesions in 1 year134 OR: 8.3 
71% sensitivity 
71% specificity 

Disability progression over 3 years  
 

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

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

Relapse rates and/or disability progression over 
3 years 

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

24% sensitivity 
97% specificity 

Relapse rates and/or disability progression over 
4 years 

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

34% sensitivity 
90% specificity

Relapse rates and/or disability progression over 
4 years 

One or more relapse, or at least one CEL80 68% sensitivity 
80% specificity

Relapse rates and/or disability progression over 
4 years 

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

61% sensitivity 
83% specificity 

Relapse rates and/or disability progression over 
4 years 

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; IFNβ, interferon beta; OR, odds ratio; RRMS, relapsing remitting multiple sclerosis

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 first-line DMDs67,79-82

•  Follow-up brain MRI, including T2-weighted and contrast-enhanced T1-weighted  
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 high-quality, 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.
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Detection of adverse effects

The role of MRI in MS drug surveillance is becoming more important as the new generation of 
immunomodulatory and immunosuppressive drugs enters more widespread use. In general, 
MRI has three major tasks in this context: detection of persistent disease activity, comorbidities 
(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 humanized monoclonal antibody against α4-integrin.94 This treatment for MS is 
highly effective, but is associated with progressive multifocal leukoencephalopathy (PML),  
a potentially life-threatening adverse effect. Imaging findings of natalizumab-associated PML 
are heterogeneous and can, therefore, be difficult to interpret. However, experienced readers 
who are fully informed of patient backgrounds can reliably detect natalizumab-associated PML 
via MRI,95-97 even before patients manifest symptoms.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 natalizumab-treated patients with MS. Factors such as lengthy treatment  
duration, past use of other immunosuppressive drugs, and the presence (and levels) of  
antibodies 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 T2-FLAIR (fluid attenuated inversion recovery) is the most 
sensitive sequence for detecting PML.104 Diffusion-weighted imaging is highly sensitive  
for depicting acute demyelination, and can also aid differentiation of acute PML lesions from 
chronic and subacute demyelinating MS lesions.104 Therefore, frequent MRI scanning using 
T2-FLAIR and diffusion-weighted sequences in combination with conventional T2-weighted 
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 T1-weighted imaging to detect inflammatory features and the possible coincidence of 
PML and PML immune reconstitution inflammatory syndrome (IRIS), particularly during  
follow-up.95,105

MRI-based 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 treatment with fingolimod, a sphingosine-1-phosphate 
receptor modulator approved for MS treatment.111-114 In addition, serious paradoxical reactions, 
such as tumefactive demyelination or overwhelming inflammatory demyelination, can occur 
during fingolimod treatment.115,116
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Given the growing number of immunosuppressive and immunomodulatory treatments for MS, 
MRI-based safety monitoring will become increasingly complex, as 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 accumulating that drug-related adverse effects can occur at the time an MS  
treatment is discontinued or even several months after a new treatment is started (so-called 
‘carryover opportunistic infections’).117-119 Therefore, strict pharmacovigilance, 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 programmes to screen for opportunistic  

infections,103,114 unexpected disease activity (including paradoxical reactions),82,115,116 and 
comorbidities7,93

•  For natalizumab-treated patients with MS who are at high risk of PML (JCV seropositive, 
treatment duration ≥18 months), we recommend brain MRI screening every 3–4 months 
using an MRI protocol that includes FLAIR, T2-weighted and diffusion-weighted  
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 protocoll95-99,101,104

•  In patients at high risk of developing opportunistic infections who are switching DMDs, 
we recommend 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 therapeutics (including  
fingolimod, alemtuzumab and dimethyl fumarate)117-119

Standardized follow-up MRI protocol

The use of MRI in the routine follow-up 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 progression. Here, we present a brief recommendation for a 
standard approach to patient monitoring, which is based on MRI techniques that have high 
clinical relevance (Box). These guidelines will require revisions as the use of advanced MRI 
techniques increases, and the availability of high-field-strength MRI widens.

Although follow-up 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 follow-up protocol strongly depends on the purpose of the scan (for example, treatment 
efficacy monitoring versus PML screening). To detect new or enlarging lesions, proton-density 
and/or T2-FLAIR and T2-weighted fast or turbo spin-echo sequences should be used. A  
gadolinium-enhanced T1-weighted sequence can increase confidence in the detection of lesions 
with high inflammatory activity. As with diagnostic scans, the delay between contrast  
administration and T1 acquisition – a minimum of 5 min – can provide an opportunity to  
perform proton density-weighted, T2-weighted and/or T2-FLAIR after contrast administration 
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and before the T1 postcontrast acquisition. This approach optimizes the total scanning time. 
Diffusion-weighted scans should also be considered in patients at risk of PML.

Follow-up MRI should be conducted at least once every year in patients with MS, but patients 
at risk of serious treatment-related adverse events may need to be monitored more frequently, 
for example, every 3 – 4 months. Accurate positioning of follow-up 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 implement 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 in-plane spatial resolution 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

Box. 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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Statements and recommendations
•  Follow-up 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  

characteristics including disease duration, comorbidities and current treatment
•  Several advanced techniques show promise for investigating MS pathology, and may need 

to be incorporated in 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 dynamically moving 
towards an individualized approach that includes conventional targets – immune modulation 
and immune suppression – and new targets such as neuroprotection 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 cognition, are stronger when 
grey matter and white matter are evaluated jointly.121-126 Several MRI techniques, including 
double inversion recovery and phase-sensitive inversion recovery, have been used to  
detect, score and interpret cortical grey matter lesions, but these applications lack  
standardization.127-129 Advanced, quantitative 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 multicenter settings, will be a challenge.

The use of MRI in the context of disease and treatment monitoring might benefit from a  
paradigm shift away from focal inflammatory lesions and whole-brain atrophy and towards 
certain clinically relevant anatomical structures, such as the thalamus, cortical grey matter and 
upper cervical spinal cord.58,65,130

This shift will require greater implementation of new-generation high-field 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 high-field 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.
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Future needs and recommendations
•  Future research must identify new MRI markers of neuroinflammation and  

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

•  These new markers might require next-generation MRI technology, including new  
advanced pulse sequences, and enhanced hardware (such as new coils, multitransmit 
techniques and ultra-high field strengths)

•  Increased efforts are needed to implement and harmonize 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 cost-effective follow-up frequency)

Conclusions
This Expert Consensus Document discusses the contribution of MRI to the monitoring of  
MS disease and treatment. The guidelines and recommendations provided are intended to aid 
decision-making regarding the MRI protocol and timing of follow-up scans, and the use of 
additional 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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Natalizumab is the cutting-edge drug for relapsing MS, the first registered monoclonal antibody 
in the field. The convincing efficacy on clinical and MRI outcome measures created new  
expectations, such as “freedom of disease activity”. Nonetheless, the beneficial effects are  
contrasted with the risk of developing the potentially highly disabling or even fatal JC virus 
(JCV) associated progressive multifocal leukoencephalopathy (PML) during therapy. As such, 
the benefits need to be weighed with the risks. 

Expert opinions can aid clinicians and patients in such situations. In their JNNP paper, an expert 
panel led by McGuigan presents the UK and Ireland guidelines of stratification and monitoring 
the risk of natalizumab-associated PML.1 The article provides suggestions on regular  
monitoring using MRI, on frequency and interpretation of anti-JCV antibody testing in serum, 
and advises with regard to workup and management of PML. In the first international expert 
recommendation paper published in 2007, the overall PML incidence was estimated  
with 1/1000 patients (95% CI 0.2–2.8).2 These numbers remained within the confidence  
intervals when calculated with 1.5 per 1000 patients (95% CI 1.3–1.8) in 2011 updated  
recommendations.3 Since then, the overall incidence of PML in patients treated with  
natalizumab systematically increased, currently being calculated with 4 per 1000 patients (95% 
CI 3.6 – 4.3, Biogen MedInfo. Available at: https://medinfo.biogen.com, as of June 3 2015). 
Considering the “real life” situation with possibly missed and misclassified cases the “real PML 
incidence” might even be higher. The increasing numbers raise concerns as they clearly expose 
that confidence intervals for retrospectively collected incidence numbers may not be valid  
to predict the risk in the individual during long-term therapy. Furthermore, the 2011  
recommendations already included the anti-JCV antibody status in the risk stratification model. 
Despite these guidelines, provided they reached the clinics, the model has not (yet?) led to a 
decrease in PML incidence – instead we see an around 3 fold increase as exposed above.4 

Could and should we do better? Unfortunately, prospective investigator-initiated studies that 
aim at predicting PML appear undoable as these would need to enroll around 1000 controls to 
include 4 patients with PML, and needed to exceed study durations of 2 years. Therefore, it 
appears inevitable at time that most of the data leading to these and former guidelines will need 
to rely on retrospective, and partly “anecdotal” evidence. This does not only relate to PML 
risk prediction, but is also true for assessing the prognostic relevance of PML detection at an 
asymptomatic stage using MRI,5,6 therapeutic approaches to handle PML when diagnosed, and 
new approaches to improve PML workup.7 Despite these limitations, it is important to perform 
such studies to move the developing field forward. However, the clinicians need to exercise 
caution when giving risk numbers based on retrospective incidence to the patients, in particular 
in conjunction with e.g. genetically regulated levels of antibodies towards JCV in serum that 
may allow a more individualized risk prediction.8 The latter data published are intriguing, but 
nonetheless, based on a large number of cases and controls,9 rely on the same incidences that 
previously failed to hold up over time.

The future challenge and our duty as academic physicians will be to build networks of high 
level expertise institutions in order to collect larger and harmonized datasets on MS patients 
treated with pharmaceuticals that associate with known, and unknown hazards. This will  
hopefully further increase the power of, and the confidence in such highly valuable and  
desperately needed guidelines on stratification and monitoring of patients at risk.
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Expert panel guidelines established by the MAGNIMS collaboration (www.magnims.eu) and 
an UK-Ireland initiative stressed the importance of a standardized pharmacovigilance strategy 
for natalizumab-treated patients with MS. Although there were differences with respect to the 
progressive multifocal leukoencephalopathy (PML) risk classification, both guidelines agreed 
on the use of high frequency brain magnetic resonance imaging (MRI) scanning (every 3 – 4 
months) in patients being at higher risk of developing PML.1,2 These recommendations have 
subsequently been incorporated into the natalizumab label update by the European Medicines 
Agency (EMA).3 

Without any doubt, such recommendations create extra costs, take limited imaging resources, 
and may pose unnecessary burden to the patients. Are they sufficiently supported by class 
I evidence? Are they based on a solid cost-benefit analysis? The answer is: NO. Anecdotal  
evidence only suggests that strict MRI pharmacovigilance using brain MRI may lead to  
an earlier detection of PML (preferably at a pre-/asymptomatic stage), and may associate  
with a better functional outcome following PML.4 A suggested abbreviated brain MRI  
protocol including fluid-attenuated inversion recovery (FLAIR), T2-weighted and  
diffusion-weighted imaging (DWI) has never prospectively been validated for these purposes. 
A substantial number of small asymptomatic PML lesions may be undetectable on DWI,5 and 
the proposed scanning interval of 3 – 4 months is based on class IV evidence. Additionally,  
the potential challenges in interpretation of brain MRI in particular with respect to lesion  
differentiation (e.g., MS versus PML) are quite obvious6-8 as also nicely elaborated in the  
position statement of Dr. Enzinger. (“High frequency MRI monitoring should be performed in 
natalizumab-treated MS patients with higher risk of PML-NO"). 

So, should we then generally omit the MRI screening in patients at high risk of PML? The 
answer is once again: NO. Fortunately, PML, although increasingly reported and recognized in 
therapy-finduced immunosuppression, still is a rare disease.9 It is almost impossible to provide 
class I evidence for a rare disease in a heterogeneous group of patients. As such, in the  
absence of evidence, expert opinions that guide clinicians and help to standardize patient care 
can be a valuable alternative. Absence of solid data does not call for omission of obtaining such 
data. Indeed, standardized protocols may help to moving the field forward, allowing for more 
reliable interpretation of MRI in the context of suspicion of PML in the future, and the search 
for added diagnostic tools to earlier facilitate the diagnosis of PML.10 Technical solutions such 
as an online MRI pharmacovigilance platform providing an easy access to a world-wide expert 
opinions may be developed, and help physicians reading and interpreting MRI scans  
(http://www.ixico.com/products/assessa), possibly in the future even outside of diagnosing  
natalizumab associated PML.

Overall, will MRI screening in patients at high risk of PML be feasible and should we perform 
it? We believe: YES. Although it is unclear to date how many patients are needed to be screened 
by MRI before preventing a single symptomatic case, or preventing severe sequelae of  
clinically manifest PML, drug development outruns this controversy, and makes the YES 
practically feasible. With a growing armamentarium of therapeutic alternatives, a drug that 
carry a risk of 1% or higher for a potentially life-threatening complication such as PML need  
to be carefully weighed with the individual benefits.11 In consequence, carefully counseling  
the patients will often lead to alternative treatment decisions, and reduces the number of  
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patients at this specific risk that require screening protocols for PML. Nonetheless, this  
will not diminish the need for educating physicians, nurses and patients in drug-specific  
pharmacovigilance strategies. Any new drug that proves highly effective in MS will  
be accompanied with substance specific adverse events. Thus, this discussion leads beyond, 
and calls for a health care system that supports the time invested by independent physicians and 
researchers seeking the best outcome for patients, and spending time on developing novel  
strategies to mitigate and combat treatment associated risks.12 
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Discussion

Pharmacovigilance of MS treatments is a rather new but intriguing field of MS patient care and 
research. Driven by extensive biotechnology research activities which have led to an increasing 
number of efficient MS therapeutics with heterogeneous and complex pharmacodynamics, the 
focus of pharmacovigilance has been shifted from the exclusive assessment of drug efficacy to 
a broader drug safety monitoring oriented approach.1-4 For us as clinical neuroradiologists  
knowing exactly how to assess MS disease activity with MRI, including active T2 lesions and 
contrast-enhancing lesions, we are entering a new and rather unexplored territory. In the early 
days, MRI safety assessment during MS pharmacovigilance was mainly based on experiences 
on co-morbidities in untreated MS patients or in patients treated with first line therapies such as 
interferon and glatiramer acetate.3 Knowledge regarding opportunistic infections was mainly 
derived from HIV patients and immunosuppressive cancer therapies.5-7 We expected a rather  
similar diversity of opportunistic infections during MS pharmacovigilance. Surprisingly, the 
focus in the past years in this field, as of this thesis, clearly was the mitigation of risk of PML, 
in particular during therapy of MS with natalizumab.8 This certainly was driven by the  
potentially lethal consequences of a single case of delayed diagnosis of PML, but also by  
natalizumab being the first highly effective drug that specifically leads to impaired CNS  
immune surveillance. The motivation for this thesis was to shed some light into this grey area 
and to aid advances in knowledge thus further improving patient care. This final chapter  
discusses the main chapters of this thesis aiming to critically focus on crucial and clinically 
relevant questions on the topic of MRI in MS pharmacovigilance with special regard to  
natalizumab and detection of PML. Subsequently, a future perspective of relevant but yet  
unanswered questions on this topic is proposed.
  
The role of imaging in MS pharmacovigilance and PML detection: knowns and unknowns
There is no doubt that MRI, in particular brain MRI, is an essential part of MS  
pharmacovigilance in addition to clinical vigilance and laboratory tests of the blood and CSF. 
However, the diagnostic value of MRI in the setting of MS pharmacovigilance has never been 
formally tested. The introduction of high efficacy drugs in the post-marketing setting has led to 
a higher incidence of MS-treatment related opportunistic infections, including a broad and  
heterogeneous spectrum of diseases.9 This further stressed the importance and clinical  
relevance of understanding the added value of MRI in terms of early and differential diagnosis. 
For reasons that we still do not understand why, PML is the most frequent opportunistic  
infection in treatment-related immunosuppression/-modulation.10 Natalizumab is the  
most frequent cause of MS-treatment related PML and the relatively high incidence of  
natalizumab-associated PML rapidly increased our knowledge with respect to diagnosis and 
management of monoclonal-antibody associated PML.11 In CHAPTER 2, the role of MRI  
in the detection of PML lesions and the features of imaging findings of PML lesions were  
reviewed based on the published literature and from our local experiences during a PML  
research project supported by Biogen Inc. 
  
MRI acquisition protocol for PML detection
Since PML is a JC virus related encephalitis leading to an infection of white and grey matter 
cells in the CNS, it could be anticipated that PML could occur in both the brain and spinal cord. 

Summary, Discussion and Future Perspectives  | 
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Interestingly, the in-vivo detection of PML is exclusively focused on brain MRI and not on the 
spinal cord.12 This is based on the fact that PML does not affect the spinal cord on a regular 
basis leading to only a few and dubious case reports describing lesions in the spinal cord that 
are possibly suggestive of PML.13-15

The data leading to a suggested standardized brain MRI protocol for PML screening  
(Box) is based on a retrospective analysis of brain MRI scans obtained from 189  
natalizumab-associated PML patients by a Biogen sponsored advisory board.16,17 The  
description of the use of specific pulse sequences and their value in terms of early diagnosis, 
lesion characterization and differentiation with respect to differential diagnosis was derived 
from these two initial descriptive studies. FLAIR seems to have the highest sensitivity in terms 
of lesion detection. T2-weighted images are able to verify findings seen on the FLAIR images 
and may also show specific PML lesion characteristics such as vacuoles and small T2 lesions 
in the vicinity of the main PML lesions (the so-called ‘punctuate pattern’). Contrast-enhanced 
T1-weighted shows the degree of demyelination and provides information regarding the stage 
of PML manifestation. In addition, contrast-enhanced T1-weighted images may show signs of 
inflammation, a rather frequent observation in monoclonal antibody-associated PML. DWI 
B1000 hyperintense PML lesions may show swelling of white matter cells leading to areas with 
restricted diffusion as suggested by histopathological  studies.18 The use and the value of these  
pulse sequences in clinical practice regarding the detection and monitoring of inflammatory 
brain lesions such as multiple sclerosis has been well established.19,20 In addition, the  
usefulness of using such sequences in PML diagnosis in clinical practice is quite obvious.  
However, based on these two studies and on our own experience as presented in CHAPTER 2, 
the evidence to use this scan protocol as a PML screening tool is rather limited. The patient 
population in these two studies is quite heterogeneous including asymptomatic and  
symptomatic PML patients. Among those symptomatic patients, there were patients at  
advanced disease stages, including 10 patients at the stage of a PML-immune reconstitution 
inflammatory syndrome (PML-IRS).17 Based on these data, a standardized MRI protocol  
for PML screening purposes has been suggested by several expert panels and regulatory  
authorities, particularly for natalizumab-treated MS patients with a higher risk of developing 
PML.19,20 Among these, the MAGNIMS guidelines (CHAPTER 5.1) were the first published 
international expert panel guidelines suggesting a so-called abbreviated MRI acquisition  
protocol including FLAIR, T2-weighted and DWI sequences for PML screening purposes that 
has been adopted by the European Medicines Agency.23 The title of these guidelines suggests 
that we are dealing with “evidence based guidelines”. Is this really true? The answer is YES. 
The evidence level of the studies can be classified as level 2B and 3B respectively leading to a 
grade B of Practice recommendation.21,22 The suggested scan protocol for PML screening is a 
good example for this level of evidence. In fact, an MRI study investigating the use of MRI in 
asymptomatic natalizumab-associated PML patients (CHAPTER 3.1) showed that the  
diagnostic sensitivity of the suggested pulse sequences is different compared to data obtained 
in symptomatic PML patients. In particular, this is the case for the DWI sequences. Compared 
to almost 100% sensitivity of DWI sequences to detect symptomatic PML lesions, only 60%  
of the asymptomatic PML lesions were visible on the DWI. Therefore, there is some  
reservation on the suggestion that DWI is the proper PML screening sequence in  
natalizumab-treated MS patients.      

|  Chapter 6
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BOX: Standardized MRI screening protocol for PML detection for natalizumab treated MS patients

Brain Axial 2D FLAIR (or 3D including MPR)
 Axial 2D T2-weighted (fast/turbo) spin echo
 Axial DWI (including ADC map)

 Additional contrast-enhanced T1-weighted*only  
 recommended when a lesion(s) suggestive of PML  
 has been detected on screening MRI!

Spinal cord Not recommended

* single dose, 0.1 mmol/kg body weight    
FLAIR=fluid attenuated inversion recovery, D=dimensional, MPR=multiplanar reconstructions, DWI=Diffusion weighted imaging, 
ADC= Apparent diffusion coefficient, PML=Progressive multifocal leukoencephalopathy

Concept of serial MRI scanning to facilitate an early PML detection
Several case studies have conclusively demonstrated that PML lesions can be detected by brain 
MRI in patients that do not have any clinical symptoms suggestive of PML. The presence of 
asymptomatic PML lesions can be detected either retrospectively on historical MRI scans of 
symptomatic PML patients or prospectively in asymptomatic patients applying a strict  
pharmacovigilance program including frequent (e.g., every 3 – 4 months) brain MRI.24-27 This 
observation coined the concept of prospectively scanning all natalizumab-treated MS patients 
being at higher risk of developing PML.17 This concept has been further promoted by the  
assumption that a prospective MRI-based PML screening program can facilitate an earlier PML 
diagnosis possibly leading to a better survival and functional outcome. Such a PML screenings 
program has been initially established in the setting of HIV-related PML. However, it failed to 
demonstrate any benefit in terms of patient prognosis.28 In CHAPTER 3.4, we applied this  
concept of MRI-based PML screening to a cohort of 372 natalizumab-treated MS patients  
developing PML. In this cohort, the majority of patients (343, 91.9%) were symptomatic and 
only 8.1% were classified as asymptomatic. We conclusively demonstrated that asymptomatic 
natalizumab-associated PML patients had a significantly higher survival rate compared to those 
patients being symptomatic at the time of PML diagnosis (96.7% versus 75.4%). In addition, 
asymptomatic PML patients showed a better functional outcome in terms of EDSS29 (mean 3.2 
versus 3.8, median 3.0 [range 1-6.0] versus 4.0 [range 0-8.5] and Karnofsky score30 (mean 85 
versus 80.2, median 90.0 [range 60-100] versus 80 [40-100]). This improved functional  
outcome of asymptomatic PML patients remained evident when compared with symptomatic 
PML patients with a rather mild PML manifestation (unilobar frontal lobe involvement).  
Although these results could be anticipated, it is crucial to interpret this dataset in a critical way. 
A considerable limitation is the use of EDSS and Karnofsky score to assess the PML outcome. 
Both outcome measures have been established and validated for other purposes: The EDDS 
score has been established to measure MS related disability and the Karnofsky score has been 
established to measure the outcome of tumor patients.29,30 In other words, given the fact that 
there are no dedicated functional outcome measures for PML patients available, we were forced 
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to use other outcome scores designed for other purposes. Whether this affected our results in a 
positive or negative way remains unclear. Another limitation of this study is the relatively low 
number of asymptomatic PML patients. This is due to the fact the we used a rather conservative 
PML case definition according to the AAN PML criteria.31 The demonstration of JC virus DNA 
in the CSF was mandatory, leading to an inclusion of asymptomatic PML patients with a  
diagnosis of ‘probable PML’ according to the AAN criteria. However, in approximately 20% of 
asymptomatic natalizumab-associated PML patients or even in symptomatic PML patients, no 
JC virus DNA can be detected in the CSF by PCR.32,33 Given the fact that asymptomatic  
natalizumab-associated PML does present with rather smaller MRI lesions and therefore lower 
JC virus DNA copy numbers in the CSF34, it can be anticipated that the inclusion of a higher 
number of asymptomatic PML would have led to an even stronger prognostic effect in terms of 
improved EDSS and Karnofsky scores compared to the results presented in CHAPTER 3.4 
This assumption is further supported by a subsequent study showing that the survival of  
natalizumab-associated PML is linked to lower CSF JC virus copy numbers in addition to  
younger age and lower EDDS prior to PML diagnosis.35

      
The use of brain MRI for pharmacovigilance of natalizumab-treated MS patients:  
real life evidence?
In addition to the clinical vigilance and blood/CSF biomarkers, brain MRI is recommended as 
a screening tool in order to facilitate an early diagnosis of PML, preferably at an asymptomatic 
stage.31,36

In CHAPTER 5.1, we established the MAGNIMS recommendation on how and how frequent 
to use brain MRI for natalizumab pharmacovigilance purposes. In addition to the suggested 
abbreviated scan protocol (Box) we suggested time intervals (every 3 – 4 months) in patients 
being at higher risk of developing PML. In the time of evidence-based medicine, we have to  
ask ourselves the question whether these recommendations are based on personal clinical  
experiences or on real life evidence (CHAPTER 5.2, CHAPTER 5.3). The most relevant 
point of criticism is the fact that the diagnostic performance of brain MRI for natalizumab  
pharmacovigilance purposes is very difficult to test and therefore has never been formally  
tested so far. In CHAPTER 3.3, we tried to address this issue by simulating the real-life  
pharmacovigilance setting. We created a dataset of 48 natalizumab-treated MS patients with a 
pair of MRI scans (baseline and follow-up scans) and presented these cases to four experienced 
but blinded neuroradiologists. Seven patients had no new lesions on a follow-up MRI, 20  
patients had new asymptomatic MS lesion(s) and 21 patients had new asymptomatic PML  
lesion(s) on the follow-up MRI. With respect to the presumable easy question of whether or not 
there is a new lesion on the follow-up MRI, the sensitivity and specificity were 77.4% and 
89.3%, respectively. Regarding differentiation between MS lesions and PML lesions in those 
patients presenting with a new pathology on the follow-up MRI, the sensitivity and specificity 
were 74.2% and 84.7%, respectively; and regarding asymptomatic PML lesion detection, 
59.5% and 91.7%, respectively. Presenting this dataset to an expert radiologist, higher  
sensitivity values could be anticipated for the detection of new lesions regardless of the nature 
of the lesion and regarding the detection of asymptomatic PML lesions in particular. The  
relatively low sensitivity values are somehow counterbalanced by relatively high specificity 
values, particularly with respect to the detection of asymptomatic PML. These results suggest 
that the use of MRI in the pharmacovigilance setting of natalizumab treated MS patients seems 
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to be more sophisticated than anticipated. This assumption is to a certain degree supported by 
the inter-rater variability values. The inter-rater agreement value ranged from moderate to fair 
(for the categories ‘Detection of PML’ and ‘Differentiation between PML and MS’) and fair 
(for the category ‘Detection of new lesions’). This moderate performance of brain MRI in  
centers with a higher level of neuroradiology expertise regarding MS pharmacovigilance could 
lead to the speculation that performance in centers with a lower level of expertise would  
be even less. However, this has not yet been tested. In other words, the real-life performance  
of brain MRI for pharmacovigilance purposes needs to be tested in other groups of  
(neuro)radiologists with different expertise levels. Another point of criticism is the data  
collection. Although we considered our study design as the real-life situation of MRI in  
natalizumab-pharmacovigilance, it is not really true with respect to the distribution of patients 
among the different groups. Fortunately, PML is a relatively rare complication and the vast 
majority of natalizumab-treated patients present without any lesions on follow-up MRI.  
Therefore, in order to create a realistic real-life situation, we would have needed much more 
patients in the group of patients without any new lesions on the follow-up MRI. However, this 
would have led to a data set of several hundred patients and the analysis of such a data set 
would have been too time consuming for the raters.

As discussed earlier, the term ‘real-life evidence’ in the headline of this section regarding the 
use of brain MRI as a screening tool for PML in natalizumab-treated patients is justified, as 
stated in commentaries (CHAPTER 5.2, CHAPTER 5.3) and guideline papers  
(CHAPTER 5.1). However, another real life issue of socio-economic relevance is addressing 
the cost-benefit ratio of applying high frequency brain MRI screening (e.g., 3 – 4 monthly  
intervals) in natalizumab-treated MS patients with higher risk of developing PML. For the so-
ciety, this question is crucial in order to estimate whether this strategy is justifiable with respect 
to the socio-economic burden. In particular, this question is getting even more relevant  
nowadays since an increasing number of alternative treatments are entering the postmarketing 
setting. However, this cost-benefit ratio has never been calculated so far and it is very difficult, 
perhaps impossible, to calculate and therefore it remains a known unknown. 
         
MRI in PML patient management: facilitation of understanding or misunderstanding?
The importance of brain MRI in terms of the detection of adverse events, in particular with  
respect to the early diagnosis of PML, during MS pharmacovigilance has been intensely  
investigated and has become quite obvious. However, the issue of how and when to use imaging 
in terms of patient monitoring and management after the detection of opportunistic infections 
and other adverse events has been relatively neglected so far. With respect to the monitoring  
of PML with MRI, initial case reports have described the PML lesion evolution and the  
development of PML-IRIS leading to consequences in terms of patient management and  
treatment such as with high dose steroids.35-40 However, this topic is much more complex 
than initially anticipated. The spectrum of PML lesions in terms of size and characteristics is 
heterogeneous.37-41 There is no evidence and no consensus on how to manage patients after the 
diagnosis of PML (plasmaphereses or normal washout).43,44 Finally, there is no concrete and 
broadly accepted definition of PML-IRIS.45 
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In CHAPTER 2.1 and 2.2, we describe the imaging findings of natalizumab-associated PML. 
This includes the relatively high frequency of imaging signs suggestive of inflammation, such 
as contrast-enhancement at the time of PML diagnosis, which has been confirmed by other  
studies and clinical observations.24,44 This has led to the term ‘Inflammatory PML’.  
In CHAPTER 4.2, we describe such a natalizumab-associated PML patient and the difficul-
ties of differentiating these signs of inflammation at the time of PML diagnosis from possible  
PML-IRIS. This is becoming even more difficult when these imaging signs, particularly the 
contrast-enhancement, fluctuate in the early disease course. False positive or false negative/
delayed diagnosis of PML-IRIS may lead to a suboptimal patient management potentially  
affecting the functional outcome and survival.42 

In CHAPTER 4.1, we tried to identify conclusive and early imaging findings of PML-IRIS in 
patients diagnosed with natalizumab-associated PML. In order to avoid any overlap with signs 
of inflammation at the time of PML diagnosis (‘Inflammatory PML’), we exclusively included 
those patients without any signs of inflammation at the time of PML diagnosis. The disruption 
of the blood-brain barrier reflected by contrast-enhancement was the most frequent finding in 
early PML-IRIS. In the vast majority of the patients, the contrast-enhancement was located at 
the border of the main PML lesion. This makes sense from a pathophysiological point of view 
because the lytic infection and the replication of the virus are predominantly located at the  
border of the PML lesion where the myelin and the white matter cells are still present to a  
certain degree. However, also other imaging signs such as punctuate contrast-enhancement and 
punctuate T2-lesions with a perivascular distribution pattern have been frequently observed in 
PML-IRIS. Both imaging findings are also frequently observed at the time of PML diagnosis 
and have been described as the ‘punctuate pattern’ that seems to be relatively specific for  
natalizumab-associated PML.46 Discussing these data, two questions arise: How can we  
differentiate PML-IRIS from inflammatory PML using this inflammation pattern and how  
can we be sure that this inflammation does not reflect MS disease activity? The latter question 
is quite easy to answer. Given the relatively short interval between PML diagnosis and  
inflammation suggestive of PML-IRIS (median 16.8 days), it is very unlikely that MS rebound 
will occur that early. The second question is much more difficult to address. In CHAPTER 4.3, 
we tried to address this research question. As hypothesized, the imaging patterns of  
“Inflammatory PML” at the time of diagnosis and PML-IRIS show a major overlap. The main 
imaging finding helping us to differentiate between these two disease stages is the intensity of 
the inflammation. The inflammation at the PML-IRIS stage seems to substantially be more  
severe compared with the “Inflammatory PML” stage. This suggestion is supported by  
experimental data showing that the immune surveillance is to a certain degree still functioning 
during natalizumab treatment.47 This immune surveillance is capable of attacking the JC virus 
early in the disease course leading to inflammation and subsequent blood-brain barrier  
disruption. PML-IRIS is based on the same pathophysiological background, however, the  
intensity of the immune response after complete immune-reconstitution is much higher.40,41 
Therefore, the MRI monitoring of “classic natalizumab-associated PML” can really aid in  
identifying early signs of PML-IRIS facilitating early treatment (e.g., i.v. steroids) and  
appropriate patient management.48 However, monitoring of “inflammatory PML” is much 
more sophisticated in terms of PML-IRIS diagnosis, potentially leading to misinterpretations 
and delayed or wrong patient management and treatment. 
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Future perspectives: more unknowns than knowns?

MRI in the diagnosis of PML: too sensitive for the current PML case definition?
Clinical vigilance, the demonstration of JC virus (either by brain biopsy or by PCR of CSF 
samples) and brain MRI represent the three modalities for the diagnosis of PML according 
to the PML definition suggested by the Neuroinfectious Disease Section of the American  
Academy of Neurology (AAN)31 According to these diagnostic criteria the diagnostic  
categories “definite PML”, “probable PML”, “possible PML” and “not PML” are defined on 
the presence/absence of PML evidence measured by each of these three mentioned diagnostic 
modalities.
 
The demonstration of JC virus in the CSF is mandatory for the diagnostic categories “definite 
PML” and “probable PML”. These two diagnostic categories are considered as “confirmed 
PML cases” by the regulatory authorities and exclusively confirmed cases are included in PML 
risk calculations of certain patient groups. Those patients without an available CSF  
analysis or negative JC virus PCR results are classified and reported as “PML suspect” cases 
and are not included in the PML risk stratification calculations.49-50 However, as discussed  
above, natalizumab-associated PML can present without any detectable JC virus DNA in the 
CSF.31,32 This is the case in approximately 20% of asymptomatic natalizumab-associated PML 
cases, particularly in those patients presenting with smaller PML lesion volumes on the MRI.32 
Therefore, according to the present case definition, a substantial number of  
(asymptomatic > symptomatic) PML patients are classified false negatively as “not PML”  
leading to considerable consequences for patient management and the overall PML risk  
stratification. In other words, this data suggests that brain MRI is the most sensitive method 
with respect to the detection of PML and perhaps too sensitive for the current PML case  
definition. A possible explanation could be, that the current PML case definition has a broad 
scope.30 The concept of brain MRI as a PML screening tool for pharmacovigilance purposes, 
like in natalizumab-treated patients, has been established later and apparently this development 
has not been fully anticipated by the AAN Neuroinfectious Disease Section.31 Consequently, 
the current PML case definition is of limited value for MS pharmacovigilance purposes. The 
MRI findings should get more power in future PML diagnostic criteria and it is quite obvious 
that we need additional CSF biomarkers that are more sensitive than the current JC virus DNA 
detection by PCR. Initial results of the CSF anti-JC virus antibody index assay in mainly  
symptomatic PML patient were quite promising51, but the results in early/asymptomatic  
natalizumab-associated PML patients were inconclusive.52 However, methodological  
improvements, better technical facilities and higher number of samples could lead to more 
convincing and conclusive data sets. Therefore, two medical needs are unmet so far and  
represent major challenges for the future: We need a new PML case definition specifically de-
dicated to MS pharmacovigilance purposes and we need additional CSF biomarkers  
supporting the imaging diagnosis in those patients with undetectable JC virus DNA in the CSF.      

Contribution of additional and advanced MRI acquisition techniques for MS 
pharmacovigilance
Several groups have applied certain pulse sequences in addition to the recommended PML 
screening protocol in order to increase the sensitivity of MRI regarding PML lesion detection 
and to further characterize the PML lesion morphology. It has been conclusively demonstrated 
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that MR subtraction techniques can increase the sensitivity regarding the detection of active 
(new or enlarging) MS lesions.53,54 Whether this promising tool will also lead to an increased  
detection rate of particularly small PML lesions is a crucial question and needs to be  
investigated. The detection of iron in MS lesions and in the deep grey matter structures using 
structural and quantitative susceptibility weighted imaging (SWI) based techniques has  
been very popular leading to subclassifications of MS lesions according to presence and  
configuration of iron.55,56 In 2014, the finding of low signal intensities at the border of PML 
lesions adjacent to the cortical grey matter has been described in one HIV-related and one  
(steroid) treatment-related PML patient suggesting iron deposition.57 However, the deposition 
of iron has not been described in PML histopathological studies.40,41 Subsequent studies ap-
plying various imaging techniques including quantitative susceptibility mapping and involving 
PML patients with various underlying immunosuppressive conditions including natalizumab  
treatment have confirmed this observation. Interestingly, these SWI changes were not  
exclusively observed in later PML disease stages but also in early PML stages such as  
asymptomatic natalizumab-associated PML cases.58-62 In other words, these imaging findings 
are probably time-independent and may serve as an early PML imaging marker with some 
value for (differential) diagnostic purposes. Whether these imaging findings may also help to 
subclassify PML lesions with possible impact on patient outcome remains to be investigated.

Another imaging technique that has been applied in PML in addition to MS patients is  
1H-MR spectroscopy (1H-MRS). Recent studies described the metabolic profile of  
natalizumab-associated PML lesions cross-sectionally and longitudinally aiming to provide 
insight to the lesion evolution in terms of tissue damage. However, the data sets are rather small 
and the data inconclusive in order to draw some concrete and clinically relevant conclusions.63,64  
This rather anecdotal evidence with respect to the added value of quantitative MRI techniques 
such as 1H-MRS and diffusion tensor imaging (DTI)65 for PML lesion differentiation and  
characterization with possible prognostic consequences represents one of the major tasks for 
future research activities in this field. In particular, this is the case for the understanding of PML 
lesion evolution and the differentiation between inflammatory PML disease progression and 
PML-IRIS occurrence.  

The role of MRI for pharmacovigilance of other MS therapeutics and other  
opportunistic infections
Natalizumab is probably the best evaluated MS therapeutic with respect to pharmacovigilance 
in general and with respect to the use of MRI for pharmacovigilance purposes in particular. 
This has been driven by the relatively high incidence of PML in a certain subset of patients. 
The incidence of PML associated with other MS therapeutics is much lower.66,67 However, 
PML is almost always considered to be a relevant differential diagnosis in case of an adverse 
event with corresponding imaging findings. Given the fact that many patients are switched to 
other MS treatments, it is quite difficult to anticipate what the exact efficacy and safety profile 
in this transition period is. In these particular patients, the increased chance of new and possible 
atypical MS inflammatory disease activity makes the differential diagnosis quite challenging. 

Continuously, new MS therapeutics enter the post marketing setting. One important lesson we 
learned from Natalizumab is that we cannot predict the drug safety profile in the post marketing 
setting based on the experiences during the phase 3 trials with 100% certainty. A recent  
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example is the withdrawal of daclizumab68, which is a monoclonal antibody binding with thigh  
affinity to the α subunit of the interleukin-2 receptor (CD25), from the market due to severe 
courses of inflammatory disease activity in the brain as part of a drug reaction with eosinophilia  
and systemic symptoms (DRESS).69,70 The natalizumab experience has led to the main focus 
on PML. However, we have to be aware that the spectrum of adverse events, particularly  
opportunistic infections, in MS pharmacovigilance is quite broad and heterogeneous.8  
Therefore, a major but challenging task will be to define the role of MRI for  
pharmacovigilance specifically for each MS drug that is currently in or enters into the post 
marketing setting. In addition to the quite obvious benefits, we also have to consider the costs 
before suggesting extensive MRI based screening programs. Coming back to the questions 
raised in the first paragraph of this discussion “Why almost exclusively focusing on  
natalizumab and why focusing on PML?” 

Conclusions

Brain MRI is useful and crucial in the pharmacovigilance of MS patients. This thesis developed 
the whole concept of MRI based pharmacovigilance particularly with respect to the detection 
of PML in natalizumab treated MS patients. We demonstrated the heterogeneous and fluc-
tuating imaging finding of natalizumab-associated PML but also provided evidence on how  
to diagnose PML in a very early and preferably asymptomatic stage. In addition, we  
provided data demonstrating the clinical relevance of early PML detection in terms of survival 
and functional outcome. Consequently, based on this evidence, we developed expert panel  
guidelines on how and how frequently to use MRI in MS pharmacovigilance.

The scope of this thesis goes beyond diagnosis and provides concepts regarding the monitoring 
of natalizumab-associated PML patients with respect to an early diagnosis of PML-IRIS that 
can facilitate optimal patient management and treatment. This is crucial since there is a relevant 
(unmet) medical need for PML treatments and the understanding of PML lesion evolution and 
PML-IRIS occurrence is crucial to develop brain MRI as a possible PML treatment outcome 
marker in the future.

The lessons we learned from natalizumab pharmacovigilance and PML detection, as presented 
in this thesis, may hopefully help us to improve patient care in terms of a personalized MS 
treatment safety monitoring in general, at present and in the future. 
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Multipele sclerose (MS) is een inflammatoir-demyeliniserende en neurodegeneratieve 
aandoening van hersenen en ruggenmerg (centrale zenuwstelsel). MS is de meest  
voorkomende chronische ziekte van het centrale zenuwstelsel bij jong volwassenen en kan 
leiden tot ernstige invaliditeit. De prevalentie van MS in Nederland bedraagt ongeveer 1 op de 
1000 mensen en betreft ten minste twee keer meer vrouwen dan mannen. MS patiënten kunnen 
last hebben van onder meer motorische en/of sensibele klachten, visuele beperkingen,  
coördinatieproblemen, vermoeidheid, concentratiestoornissen en geheugenklachten. De  
meest voorkomende beloopsvorm van MS, met name in het begin van de ziekte, is de  
relapsing-remitting (RR) MS (≈80% bij debuut ziekte), gekenmerkt door aanvallen van  
neurologische klachten gevolgd door een volledig dan wel gedeeltelijk herstel. In de loop van 
de tijd ontwikkelen de meerderheid van deze RRMS patiënten (≈65%) een langzame progressie 
van de neurologische symptomen zonder enig herstel, wat de secundair progressieve (SP)  
beloopsvorm wordt genoemd. Een minderheid van MS patiënten (≈10-20%) heeft vanaf het 
begin van de ziekte een primair progressief beloop (PPMS).

Naast anamnese en het klinisch neurologisch onderzoek en analyse van het hersenvocht  
(liquor), is de magnetic resonance imaging (MRI) van het brein en het ruggenmerg het 
belangrijkste diagnostische hulpmiddel om de diagnose MS vroeg en zeker te stellen.  
Een belangrijk kenmerk van MS is het ontstaan van multipele focale sclerotische littekens 
(laesies) in de witte en grijze stof van het centrale zenuwstelsel. MRI kan deze focale laesies 
heel sensitief in beeld brengen. De oorzaak van deze laesies zijn focale ontstekingsreacties in 
de witte dan wel grijze stof, meestal rondom kleine veneuze bloedvaten (venulen) welke leiden 
tot demyelinisatie en degeneratie van neuronale cellen. 

Het doel van MS medicijnen is het immuunsysteem te moduleren dan wel te supprimeren en 
daar-mee de ontstekingsreacties in het centrale zenuwstelsel te remmen en neurodegeneratie  
te voorkomen. Tegenwoordig zijn er verschillende MS geneesmiddelen op de markt waarbij op 
basis van de effectiviteit van de behandeling onderscheid wordt gemaakt tussen eerstelijns 
medicatie (b.v. interferon-beta, glatiramer actetaat, teriflunomide, dimethyl-fumaraat) en  
tweedelijns therapie (b.v. fingolimod, natalizumab, alemtuzumab en ocrelizumab). Met name 
bij behandeling met de effectievere tweedelijns behandelingen kunnen bijwerkingen optreden 
welke gerelateerd zijn aan de manipulatie van het immuunsysteem. Gevaarlijke en potentieel 
dodelijke bijwerkingen bestaan uit het optreden van opportunistische infecties. De meest  
voorkomende opportunistische infectie, gerelateerd aan immunosuppressieve behandeling, is 
progressieve multifocale leuko-encefalopathie (PML). Het betreft een reactivatie van het JC 
virus gevolgd door een lytische infectie van witte en grijze stof wat leidt tot irreversibele  
demyelinisatie en neurodegeneratie. PML is een bekende en goed onderzochte bijwerking, met 
name van natalizumab, een monoclonaal antilichaam tegen het adhesie molecuul α4-integrin 
dat verhindert dat lymfocyten de bloed-hersenbarrière kunnen passeren en het centraal  
zenuwstelsel kunnen bereiken. 

Het doel van dit proefschrift was het onderzoeken van de rol en toegevoegde waarde van  
MRI in het kader van de farmacovigilantie van MS patiënten die worden behandeld met  
natalizumab. Daarbij werd speciale aandacht gevestigd op het detecteren van PML in een  
vroeg stadium van de ziekte om een vroeg en professioneel patiënten management te  
faciliteren. Daarnaast hebben we aandacht besteed aan het monitoren van PML laesies  
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middels MRI om de evolutie van PML laesies en om de reactie van immuuncellen op 
PML laesies na het herstellen van het immuunsysteem beter te kunnen. Deze samenvat-
ting beslaat de resultaten van vijf hoofdstukken met originele data, twee hoofdstukken met  
overzichtsdata en het hoofdstuk met aanbevelingen t.a.v. het monitoren van MS patiënten onder 
behandeling.

MRI kenmerken van PML bij MS patiënten onder natalizumab behandeling
In HOOFDSTUK 2.1 en HOOFSTUK 2.2 onderzochten we de radiologische kenmerken van 
PML bij MS patiënten onder natalizumab behandeling en belangrijke differentiaal  
diagnostische overwegingen in het kader van MS farmacovigilantie op basis van de  
beschikbare literatuur en op basis van MRI scans van natalizumab-PML patiënten in ons  
centrum. De radiologische kenmerken van natalizumab-geassocieerde PML zijn heterogener 
en meer fluctuerend dan PML in het kader van andere immunosuppressieve condities zoals 
HIV-geassocieerde PML. De term progressieve multifocale leuko-encefalopathie suggereert 
dat er sprake is van een multifocale ziekte van de witte stof welke zich klinisch manifesteert 
met een encefalopathisch beeld. Echter komt met name natalizumab-geassocieerde PML niet 
alleen in de witte stof voor, maar ontstaat dit beeld vaak in de corticale grijze stof en in  
diepe grijze stof structuren zoals in de thalamus. PML manifestaties in het ruggenmerg en in  
de gezichtszenuw (nervus opticus) komen niet voor. PML laesies zijn altijd hyperintens op 
T2-gewogen en FLAIR beelden en meestal hyperintens op diffusie gewogen (DWI) beelden.  
In een vroeg stadium van de ziekte kunnen PML laesies nog een isointense signaalintensiteit  
op T1-gewogen opnamen tonen terwijl in een later stadium PML laesies door het irreversibel 
verlies van myeline een hypointense signaalintensiteit tonen. Grotere PML laesies hebben over 
het algemeen een vrij scherpe afgrenzing richting de corticale grijze stof en een meer  
vage (‘ill-defined”) afgrenzing richting de aangrenzende witte stof. In tegenstelling  
tot HIV-geassocieerde PML zijn er bij natalizumab-geassocieerde PML vaak tekenen van  
inflammatie te zien. Ongeveer in 30% van de gevallen zijn er contrast-aankleurende tekenen 
PML laesies te vinden. Verder zijn er kleine punctiforme laesies met een gedeeltelijk  
perivasculair verspreidingspatroon te zien, wat vaak een “punctuate pattern” danwel “milky 
way appearance” wordt genoemd. Ten aanzien van de PML diagnose spelen bepaalde MRI  
sequenties een belangrijke rol. FLAIR is de meest gevoelige MRI techniek, T2-gewogen  
opnamen kunnen goed de FLAIR bevindingen valideren, DWI opnamen kunnen de acute en 
actieve PML-gerelateerde demyelinisatie goed detecteren en T1-gewogen opnamen kunnen het 
stadium van de ziekte goed weergeven.

In beide hoofdstukken hebben we de MRI kenmerken van de belangrijkste  
differentiaaldiagnosen beschreven. Gezien het heterogene spectrum van PML laesies op MRI 
zijn differentiaal diagnostische overwegingen (b.v. focale MS laesies, vasculaire laesies) heel 
belangrijk. Dit geldt met name in een vroeg stadium van PML waarbij een kleine focale laesie 
in de grijze stof dan wel een aankleurende laesie op een MS laesie kan lijken. 

Uit longitudinaal onderzoek met MRI van MS patiënten onder natalizumab behandeling is 
gebleken dat kleine PML laesies op de MRI al zichtbaar kunnen zijn terwijl de individuele 
patiënt nog geen neurologische klachten ervaart. Deze klinische situatie wordt ook met de term 
“asymptomatische PML” dan wel “presymptomatische PML” beschreven.
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In HOOFDSTUK 3.1 onderzochten we de MRI kenmerken van asymptomatische PML.  
De meeste laesies ontstaan in de frontaal kwabben (77.8%) gevolgd door de pariëtaal  
kwabben (22.2%). De andere hersenregio’s zijn minder vaak aangedaan. Echter  
kunnen ook andere regio’s zoals de infratentoriele regio’s dan wel de diepe grijze stof in  
zeldzamen gevallen betrokken zijn. In 72.2% van de gevallen ontstaan de asymptomatische  
PML laesies aan de grens tussen de grijze en witte stof en betreffen dus de (juxta)corticale  
witte stof en de aangrenzende corticale grijze stof. Net zoals bij symptomatische  
natalizumab-geassocieerde PML zijn MRI kenmerken verdacht voor inflammatie, echter iets 
minder vaak. Contrast-aankleurende laesies waren in 13.3% en kleine perivasculaire laesies 
in 38.9% van de patiënten te zien. Hoge signaalintensiteit op diffusie gewogen beelden wordt 
als een belangrijk kenmerk van acute en actieve JC virus infectie gezien. Echter waren diffuse 
hyperintense laesies slechts in 60% van de asymptomatische PML te detecteren. Het is dus 
onduidelijk of diffusie gewogen opnamen echt geschikt zijn om PML in een vroeg stadium 
te detecteren. In HOOFDSTUK 3.2 presenteren we een drietal casus welke de heterogene 
radiologische kenmerken van asymptomatische natalizumab-PML illustreren. Verder wordt in 
dit hoofdstuk duidelijk gemaakt dat met name asymptomatische PML patiënten wel laesies op 
de MRI kunnen tonen zonder dat het JC virus in het hersenvocht aantoonbaar is. Met andere 
woorden, het MRI onderzoek is hier dus het meest sensitieve onderzoek om de ziekte PML op 
te sporen. 

Aansluitend onderzochten we in HOOFDSTUK 3.3 de daadwerkelijke performance  
van brein MRI in een natalizumab farmacovigilantie setting. We stelden een dataset samen  
van 48 MS patiënten onder behandeling met natalizumab en zonder klinisch aanwijzingen  
voor MS ziekteactiviteit dan wel PML. We presenteerden vier ervaren neuroradiologen  
(raters) met speciale expertise in MS een baseline en een follow-up brein MRI van  
elke patiënt. We vroegen elke rater of er wel of niet nieuwe laesie(s) op het follow-up onderzoek 
zichtbaar waren. In het geval dat er nieuwe laesies waren vroegen we aan de elke rater of er  
sprake was van nieuwe MS pathologie dan wel van PML. De sensitiviteit/specificiteit  
m.b.t de detectie van nieuwe laesies in het algemeen was 77.4%/89.3%, de PML-MS  
laesie differentiatie 74.2%/84.7% en voor de detectie van asymptomatische PML laesies 
59.5%/91.7%. De inter-beoordelaars betrouwbaarheid voor alle categorieën was voldoende  
tot matig. We hadden op hogere sensitiviteitswaarden en een betere inter-beoordelaars  
betrouwbaarheid geanticipeerd. Deze data suggereert dat MS farmacovigilantie zelfs voor  
neuroradiologen met een hoge expertise op dit gebied uitdagend kan zijn. We verwachten nog 
matigere waarden bij raters met een lagere expertise. Dit kan een goed argument zijn om MS 
farmacovigilantie primair door (neuro)radiologen met expertise op dit gebied te laten doen.

In het volgende HOOFDSTUK 3.4 onderzochten we of de vroege detectie van PML in een 
asymptomatisch stadium daadwerkelijk invloed heeft op de prognose van de patiënt t.a.v  
mortaliteit en handicap. De analyse van 343 symptomatische en 30 asymptomatische  
natalizumab-PML patiënten laat duidelijk zien dat asymptomatische PML patiënten niet  
alleen een lagere mortaliteit hebben maar ook een significant lagere invaliditeit score zoals  
gemeten met de EDDS en de Karnofky schaal. Dit is een van de doorslaggevende argumenten  
om MS patiënten onder natalizumab behandeling met een hoger risico op PML regelmatig met 
MRI te screenen om een vroege PML diagnose te faciliteren. 

Nederlandse samenvatting  | 



7

226 |  Kapitelüberschrift

Diagnose en monitoring van inflammatie bij natalizumab-PML
De eerste case reports van natalizumab-PML hebben laten zien dat met name symptomatische 
patiënten met grote PML laesies hebben laten zien dat de inflammatoire reactie na herstellen 
van het immuunsysteem, het immuun reconstitutie inflammatoir syndroom (IRIS), een  
behoorlijke schade van het hersenweefsel kan aanrichten met substantiële consequenties m.b.t. 
mortaliteit en handicap. Het is daarom van groot belang PML-IRIS in een vroege fase met MRI 
te detecteren om dit soort negatieve gevolgen te voorkomen. 

In HOOFDSTUK 4.1 onderzochten we de eerste neuroradiologische bevindingen  
van een vroege PML-IRIS in een cohort van natalizumab-geassocieerde PML patiënten.  
Contrast-aankleuring was bij bijna alle patiënten (92.3%) het eerste teken van een PML-IRIS 
waarbij de aankleuring meestal in het randgebied van de PML laesies te zien was. Andere  
neuroradiologische kenmerken van inflammatie zoals oedeem rondom de PML laesies (26.9%), 
massa effect (38.5%) en kleine T2-laesies met een perivasculair verspreidingspatroon (34.6%) 
kwamen minder vaak voor. De lokalisatie van de PML-IRIS met contrast-aankleuring op 
de MRI in de periferie van de PML laesies kan worden verklaard door histopathologische  
bevindingen die laten zien dat de actieve virus replicatie en lytische infectie met name in de  
periferie van de PML laesies voorkomt.

Bij natalizumab-PML patiënten met MRI bevindingen suggestief voor inflammatie op  
het moment dat de diagnose wordt gesteld (inflammatoire PML) kan het lastig zijn het juiste 
tijdstip van het ontstaan van PML-IRIS te bepalen omdat de MRI kenmerken van  
inflammatoire PML en PML-IRIS gedeeltelijk overlappen. In HOOFDSTUK 4.2 beschrijven 
we een casus welke dit diagnostisch dilemma beschrijft wat tot een te vroege dan wel te late 
behandeling van PML-IRIS met complicaties voor de individuele patiënt kan leiden. In 
HOOFDSTUK 4.3 onderzochten we de MRI kenmerken van PML-IRIS in inflammatoire  
natalizumab-PML patiënten en vergeleken deze met de MRI karakteristieken van de  
inflammatoire PML laesies op het moment dat de PML diagnose werd gesteld. Inderdaad was 
er een grote overlap tussen de inflammatoire PML laesies en PML-IRIS. Echter was er sprake 
van een substantieel verschil voor wat betreft de intensiteit van de inflammatie. Inflammatie in 
het stadium van PML-IRIS was sterker t.o.v. inflammatoire PML waarbij oedemateuze  
veranderingen en zwelling van het hersenparenchym vaker voorkomt. Deze bevindingen  
worden verder onderbouwd door experimentele data die heeft laten zien dat inflammatoire 
PML en PML-IRIS vergelijkbare pathofysiologische en histopathologische kenmerken  
vertonen.

Richtlijnen voor farmacovigilantie van MS patiënten 
Standaardisatie van het gebruik van MRI bij MS patiënten onder behandeling is een grote  
uitdaging. Dit heeft te maken met het stijgend aantal beschikbare MS medicijnen en het  
feit dat een aanzienlijk aantal van deze patiënten in de loop van de tijd naar een ander  
geneesmiddel switcht. In HOOFDSTUK 5.1 presenteren we richtlijnen m.b.t. het gebruik van  
MRI in het kader van MS monitoring. T.a.v.  safety monitoring van MS patiënten krijgt  
de behandeling van natalizumab speciale aandacht. We zijn van mening dat patiënten onder  
natalizumab behandeling met een hoger risico op PML (behandelingsduur meer dan 2 jaar,  
JC virus seropositiviteit) strikt gemonitord moeten worden. We stellen voor deze groep  
van patiënten regelmatig in korte intervallen (elke 3 – 4 maanden) met een verkort brein  
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MRI protocol (FLAIR, T2-gewogen opnamen en DWI)  voor een eventuele vroege PML te  
screenen. We adviseren verder dat patiënten op het moment dat ze worden geswitcht van  
natalizumab naar een ander MS geneesmiddel een nieuwe brein MRI moeten krijgen om  
subklinische MS ziekteactiviteit dan wel een asymptomatische opportunistische infectie uit te 
sluiten.

De vraag is echter of deze richtlijn gerechtvaardigd is door harde data en evidentie.  
De tweede vraag is of dit MRI screenings concept gerechtvaardigd is door een risk-benefit 
analyse. In het HOOFDSTUKKEN 5.2 en 5.3 proberen we deze belangrijke maar ook  
gevoelige vragen te bediscussiëren en te beantwoorden om neurologen maar ook de patiënten 
een leidraad te geven of ze wel of niet deze aanbevelingen moeten volgen.      
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Dankwoord

Er zijn dingen in je leven waar je jezelf soms afvraagt: waarom doe ik dit eigenlijk? Echter als 
je ouder wordt heb je toch in toenemende mate de behoefte om dingen af te maken waar je een 
tijdje geleden aan begonnen bent. Het is nu af en dit proefschrift is één van de weinige dingen 
in mijn medische en academische carrière waar ik persoonlijk echt trots op ben!  Niet omdat 
ik het zelf zo goed gedaan heb. Ik ben vooral trots en heel dankbaar dat ik de afgelopen jaren 
met vele inspirerende en enthousiaste mensen op dit gebied heb mogen samenwerken en die 
allemaal een heel belangrijke bijdrage aan dit proefschrift hebben geleverd.

Mentoren
Prof. dr. Frederik Barkhof, beste Frederik, je bent niet alleen een grote inspirator maar ook 
een grote motivator. Ik persoonlijk heb heel veel gehad aan je ideeën en energie. Ik ben je 
enorm dankbaar voor de begeleiding en mentorship, niet alleen op het gebied van wetenschap-
pelijk onderzoek maar ook op het gebied van klinische patiëntenzorg en onderwijs. Zonder jou 
had ik mij nooit zo goed kunnen ontwikkelen en belangrijke mijlpalen in mijn academische 
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Prof. dr. Bernard Uitdehaag, beste Bernard, je bent voor mij altijd het voorbeeld van een 
echte Professor geweest. Je rustige, bescheiden en inhoudsgerichte visie op de werkelijkheid 
heb ik altijd niet alleen als indrukwekkend maar ook als inspirerend ervaren. 
Prof. dr. Joep Killestein, beste Joep(ie), je bent meer dan 10 jaar mijn maatje geweest en je 
bent het ondanks de geografische afstand nog steeds. Het is voor mij nog steeds onbegrijpelijk 
dat twee mensen met volledig verschillende karaktereigenschappen het zo goed met elkaar 
kunnen vinden. We hebben heel veel samen meegemaakt. 
Prof. dr. Hans H. Schild, obgleich viele Menschen meine radiologische und neurowissen-
schaftliche Karriere primär mit dem Standort Amsterdam in Verbindung bringen, so gebührt 
dem Standort Bonn die gleiche Anerkennung. In Ihrer Klinik und unter Ihrer Supervision habe 
ich nicht nur radiologisch, sondern auch wissenschaftlich Laufen gelernt. Von keinem anderen 
Vorbild hätte ich besser lernen können, was wissenschaftliche und menschliche Integrität be-
deutet. Ich habe meinen Bonner Stallgeruch nie abgelegt und werde es auch nie tun. Es erfüllt 
mich mit großer Freude und Dankbarkeit, Mitglied der Bonner Radiologie-Familie sein zu 
dürfen.

Jury
Apreciado Dr. Rovira, muchas gracias por participar en el comité de evaluación de mi tesis 
doctoral, y por dedicarle tiempo a hacer un análisis crítico y constructivo de la misma. Geachte 
Prof. Demaerel, Prof. Hendrikse, Prof. de Vries, Prof. Hupperts, Prof. Reneman, Dr. de Jong, 
Dr. de Groot, hartelijk dank voor de kritische beoordeling van mijn proefschrift en voor de 
zitting name in de promotiecommissie.   
 
De afdeling Radiologie & Nucleaire Geneeskunde van het VUmc
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en de vrijheid om dit proefschrift met inhoud te vullen en om mijn wetenschappelijke ambities 
te faciliteren. Speciale dank met name aan de (tijdelijke en vaste) staf  radiologie voor de zeer 
prettige en gewaardeerde samenwerking van meer dan 10 jaar. Mijn dank gaat ook uit naar de 
laboranten (met name aan de MRI hoofdlaboranten Ton, Karin en Erwin), het administra-
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tief en het ondersteunend personeel. Speciale dank aan het afdelingsmanagement. Prof. dr. 
van Kuijk, beste Kees, heel veel dank voor de gegeven mogelijkheid in 2007 mijn medische/
radiologische carrière op de afdeling Radiologie  in het VUmc verder te kunnen ontwikkelen. 
Je heb altijd mijn plannen en mijn (wetenschappelijke en klinische) ambities gesteund en ge-
pusht, ook in tijden waar het door allerlei omstandigheden zoals reorganisatie etc. moeilijk 
was. Ik waardeer dit enorm. Mevrouw Mathilda, beste Angelique, hartelijk dank voor je hulp 
en ondersteuning en je tijd voor de vele vertrouwelijke gesprekken! Speciale dank ook aan de 
senior staf Neuroradiologie (Jonas, Pim, Esther en Joost) voor de goede opleiding die ik heb 
gekregen tijdens mijn fellowship en voor de prettige klinische samenwerking. 

Image Analysis Center (IAC), Vumc 
Beste mensen van het IAC of beter gezegd: de IAC familie. Bij jullie ben ik ooit begonnen in 
het VUmc op de kamer van Marlieke en Peter. Vanaf het eerste moment was er een speciale 
klik met jullie en jullie hebben mij steeds begeleid in goede en in moeilijke tijden en samen 
hebben we niet alleen heel veel lol gehad maar ook inhoudelijk veel kunnen bereiken.  Voor de 
grote hulp en steun in mijn begintijd in op de afdeling in het VUmc in het algemeen veel dank 
met name aan Peter,  Marlieke en Ellie. Een heel speciale dank aan de "Drie-eenheid" Tante 
10, Hans en Paul. Jullie zijn weliswaar sterk verschillend qua karakter, maar jullie zijn alle drie 
voor mij van onschatbare waarde geweest.
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Bob  William, Birgit, Marieke, Casper, veel dank voor de prettige samenwerking niet alleen 
op het gebied van MS maar ook in het algemeen. Veel dank ook aan Karin en Annette van het 
MS centrum voor alle hulp en geduld.

MS Neurologen in Nederland
Dit proefschrift is o.a. gebaseerd op PML patiënten van neurologen die  hebben meegewerkt 
in de “Dutch-Belgian Natalizumab-Associated PML Study Group”. Heel veel dank aan 
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