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A B S T R A C T   

Background: The earliest detection of progressive multifocal leukoencephalopathy (PML) is crucial in Natalizu
mab (NTZ)-treated Multiple Sclerosis (MS) patients. This study aims to assess serum Neurofilaments (sNFL) 
ability to early detect PML in longitudinal patients’ follow-up. 
Methods: NFL were retrospectively measured in four PML cases occurred at the Regional Referring Center for MS 
(CRESM, Italy), in samples collected since one year before PML diagnosis, at PML diagnosis, during PML and in 
post-PML follow-up. sNFL levels were interpreted according to previously defined reference values. Clinical 
examination and EDSS were performed at each NTZ infusion. Routinary MRI was undertaken every six months; 
after PML diagnosis, MRI was performed according to clinical evaluation. sNFL were also measured in 45 NTZ- 
treated patients experiencing NEDA-3 status for at least 12 months. 
Results: Patients showed different PML onsets and manifestations: in 3 patients routinary brain MRI revealed 
radiological signs of PML preceding different clinical manifestations, while in one patient brain MRI was per
formed after the clinical onset. PML diagnosis was defined at the time of the first detection of JCV DNA in ce
rebrospinal fluid. The following different PML phases were considered: 1. Basal (up to 4 months before PML 
diagnosis): sNFL values were in the normal range in all patients’ samples, except for one (median 9.1 pg/ml, 
range 6.2–15.1 pg/ml) 2. Pre-PML (within 3 months before PML diagnosis): sNFL were elevated in all available 
samples (median 19.50 pg/ml, range 15.50–33.80 pg/ml). 3. PML diagnosis: sNFL were elevated in all patients 
(median 59.20 pg/ml, range 11.1–101.50 pg/ml). 4. PML/IRIS: during this phase, sNFL levels reached their peak 
(median 96.35 pg/ml, range 20.5–272.9) in all patients. 5. Post-PML (recovery phase, starting from the first MRI 
without enhancement, up to the end of follow-up): sNFL levels showed a decrease (median 12.80 pg/ml, range 
9.30–30.60); however, based on reference values, sNFL were still elevated in 2 out of 4 patients at the end of their 
follow-up (622 and 887 days after PML diagnosis). sNFL were always elevated when MRI scan suggested a 
suspicious of PML. In NEDA-3 patients, sNFL levels were in the normal range in all patients’ samples (median 4.7 
pg/ml, range 1.4–8.6 pg/ml). 
Conclusion: Elevated sNFL were observed not only at PML diagnosis, but also in pre-PML phase. At PML recovery, 
sNFL weren’t normalized in all patients’ samples, suggesting ongoing neuronal degeneration. sNFL represent a 
reliable biomarker and should be introduced in clinical practice as an additional/alternative parameter to MRI to 
early detect and monitor PML.   
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1. Introduction 

Natalizumab (NTZ) is one of the most effective treatments for highly 
active relapsing remitting multiple sclerosis (RRMS) patients (Morrow 
et al., 2022). 

However, its use is associated to several adverse events, the most 
serious of which is the development of progressive multifocal leu
koencephalopathy (PML), caused by John Cunningham virus (JCV). The 
occurrence of PML in MS entails serious prognostic implications, as it is 
responsible for the death of about 20% of patients or for serious 
disability to 40% of survivors. The clinical presentation of NTZ- 
associated PML consists of cognitive impairments, experienced in over 
half of the patients, together with motor symptoms, ataxia, neurovisual 
disturbances, dysphasia or agnosia in more than 40% of cases (Euro
pean Medicines Agency, 2016). 

Over the years, since NTZ approval for MS treatment, the indications 
for monitoring the risk of developing PML have evolved and three risk 
factors have been identified, which include the presence/levels of spe
cific anti-JCV antibodies, the increasing duration of NTZ treatment and 
the previous use of immunosuppressive drugs. The current risk algo
rithm based on the combination of these factors aims to minimize the 
risk of PML in NTZ treated patients (Schwab et al., 2017). 

Further, the monitoring of NTZ-treated patients is crucial to early 
recognize PML signs and symptoms. Since 2016, guidelines indicate that 
during treatment with NTZ, patients should be monitored at regular 
intervals for signs and symptoms of new neurological dysfunction, and a 
full brain MRI should be performed at least once a year for the duration 
of the treatment. For patients at higher risk of PML, more frequent MRIs 
(e.g. every 3–6 months) should be considered (European Medicines 
Agency, 2016). 

In this context, additional sensitive biomarkers reflecting clinical 
signs and brain lesions are needed for the early detection of PML onset 
and to aid personalized treatment decisions in clinical practice. 

Neurofilament-light chain (NFL) are structural axonal proteins, 
which are released in cerebrospinal fluid and in blood following and 
reflecting axonal damage (Barro et al., 2020; Bittner et al., 2021; Lam
bertsen et al., 2020; Thebault et al., 2020; Varhaug et al., 2019). 

The availability of ultrasensitive methods for the detection of NFL in 
serum (sNFL) has enabled the extensive demonstration of the strong 
correlation between NFL levels and clinical/radiological parameters in 
MS, supporting the role of sNFL as the most promising biomarker for 
disease activity and treatment response in MS (Barro et al., 2018; Ben
kert et al., 2022; Bittner et al., 2021; Delcoigne et al., 2020; Novakova 
et al., 2017; Thebault et al., 2020; Uher et al., 2020; Varhaug et al., 
2019). 

The possible applications of this biomarker in different clinical 
contexts are enormous. 

In particular, the utility of sNFL in the monitoring of PML onset is of 
great interest in MS. In this context, a routinary use of sNFL in clinical 
practice requires analyses to be performed at individual level, based on 
shared and reliable normative values (Benkert et al., 2022; Hviid et al., 
2020; Leppert and Kuhle, 2019; Valentino et al., 2021). Further, it is 
fundamental to establish if this measure is more sensitive than radio
logical or clinical evaluation. 

Some few studies have previously demonstrated that sNFL levels are 
strongly elevated at PML diagnosis (Dalla Costa et al., 2019; Fissolo 
et al., 2021; Loonstra et al., 2019) and correlate with MRI lesions’ vol
ume; still, data analysis at individual level was lacking, limiting a simple 
and correct interpretation of results in single patients. 

In the present study, we retrospectively measured longitudinal sNFL 
in the four PML cases diagnosed in our MS center between 2009 and 
2015, which were monitored by MRI and clinical parameters. 

Further, sNFL were tested in a group of NTZ-treated patients expe
riencing NEDA-3 status for at least 12 months, as controls. sNFL levels 
were interpreted according to previously defined reference values 
(Valentino et al., 2021). 

2. Material and methods 

2.1. Study participants 

This retrospective study includes the four MS patients who devel
oped PML at the Regional Referring Center for MS (CRESM, Orbassano, 
Turin, Italy) between years 2009 and 2015. 

Including criteria were:  

1) diagnosis of RRMS according to revised Mc Donald criteria 
(Thompson et al., 2018)  

2) NTZ treatment  
3) Confirmed PML diagnosis (Berger et al., 2013)  
4) availability of follow-up samples collected during their longitudinal 

follow-up and stored in CRESM Biobank (University Hospital San 
Luigi Gonzaga, deliberation n◦ 56/2020) (Marnetto et al., 2020). 

Clinical examination and EDSS were performed at each NTZ infusion 
during follow-up. Routinary MRI was undertaken every six months, 
while, after PML diagnosis, MRI was performed according to clinical 
evaluation. All data were collected in medical reports. 

Cerebrospinal (CSF) analysis including JCV-DNA detection was 
performed to confirm and define PML diagnosis: CSF samples were 
analyzed for JCV–DNA detection in the local laboratory and in the 
centralized specialized lab of the National Institute of Health (NIH, 
Bethesda, USA). 

Patients’ follow-up was subdivided in five different phases:  

1 Basal phase, up to 4 months before PML diagnosis  
2 Pre-PML, within 3 months before PML diagnosis  
3 PML diagnosis, corresponding to the time of first detection of JCV- 

DNA in CSF 
4 PML/IRIS, during the evolution of PML disease and immune recon

stitution inflammatory syndrome (IRIS)  
5 Post-PML, recovery phase, starting from the first MRI without 

enhancement, up to the end of follow-up. 

A group of 45 NTZ-treated patients in NEDA-3 status (no evidence of 
clinical/radiological activity, nor progression) throughout the last 12 
months was included as control group. They were matched for sex (32 
female, 13 male), age (median 35 years, range 21–49 years) and treat
ment duration (median 24 months, range 12–60 months) with patients 
developing PML. 

2.2. Serum NFL measurement 

Blood samples were collected in serum tubes (BD Vacutainer, Becton, 
Dickinson and Company) during follow-up routine visits and at lumbar 
puncture. Samples were processed within two hours from collection 
according to international guidelines (Teunissen et al., 2009). Blood 
tubes were centrifuged at 3000xg 10 min, and serum supernatant stored 
in at least two aliquots: one aliquot was used to perform anti-NTZ 
antibody test, while the leftover serum sample was stored at − 80 ◦C. 
sNFL levels were measured by single molecule array (Simoa™) on SR-X 
instrument (Lambert et al., 2018) using NF-light assays (Quanterix). In 
each assay session, samples were run in duplicate together with a 
titration curve and two controls provided in the kit. In addition, two 
quality internal controls were run in each session to monitor inter-assay 
and inter-lot variability. sNFL levels were interpreted according previ
ously defined reference values (Valentino et al., 2021). 

2.3. Ethical committee approval 

The study was approved by the Ethical Committee of San Luigi 
Gonzaga University Hospital (approvals number 7262/2019 and 
18,390/2019). All participants provided written informed consent. 
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2.4. Statistical analysis 

Statistical analysis was performed using R version 4.1.1.  Normality 
of distribution and homogeneity of variances were evaluated by 
Shapiro-Wilk test and Levene’s test. 

To test differences in sNFL levels between groups, the Kruskal-Walis 
test with Dunn Post-hoc test was performed. P-values were adjusted for 
multiple comparisons using the Benjamini-Hochberg method.  p-values 
< 0.05 were considered statistically significant. 

3. Results 

Four NTZ-treated patients developed PML during their follow-up 
since 2007 at CRESM. 

PML diagnosis was confirmed in each patient by detection of JCV 
DNA in CSF: the time of first JCV-DNA detection was defined as T0. sNFL 
levels were measured in all available serum samples (n = 38) collected 
since one year before PML diagnosis, during PML and after recovery 
(median follow-up 43 months, range 31–45 months). 

3.1. Individual longitudinal sNFL levels in patients developing PML 

Patients showed different PML onsets and manifestations: in 3 pa
tients routinary brain MRI revealed radiological signs of PML preceding 
different clinical manifestations, while in one patient brain MRI was 
performed after the clinical onset. 

Briefly, patient 1 (Fig. 1A) was a Caucasian woman, aged 32 at the 
time of PML diagnosis. She started NTZ therapy in June 2008; she was 
previously treated with Interferon beta 1a i.m. 

In October 2009 she had her 18th NTZ infusion; routinary brain MRI 
performed after 18 infusions was reported as stable, without evidence of 
new lesions. In November 19th she came to our Center complaining of 

occasional left labial hemispasm; she underwent NTZ infusion in 
November and in December, as the symptom was not attributed to a 
possible PML manifestation. As hemispasm persisted and worsened, she 
underwent brain MRI, that showed a hyperintense lesion of right 
lenticular nucleus. A re-examination of the previous MRI revealed that a 
very small lesion was already present, despite not being considered 
suggestive of PML at the time. 

NTZ was interrupted; in December 21st the patient underwent 
lumbar puncture (LP) that was negative for JCV PCR in local lab, but 
demonstrated positive (31 copies) when tested in the NIH Centralized 
lab, confirming PML diagnosis (T0); high dose intravenous steroids were 
started. 

From November 2009 to May 2010 clinical and radiological wors
ening occurred, as patient progressively developed speech impairment 
up to anarthria and dysphagia needing percutaneous radiologic gastro
stomy (PRG). Brain MRIs were performed 31, 66 and 112 days after T0 
showing further progressive enlargement of lenticular nucleus lesion 
and development of cortical frontal atrophy. LP was repeated 36 and 66 
days after T0 and JCV PCR analysis tested positive (39 and 70 copies 
respectively). 

The patient underwent intravenous immunoglobulins (T0 + 66 days) 
and high dose steroid treatment. LP performed 254 days after T0 was 
negative for JCV-DNA; the patient was considered clinically stable in 
December 2010 and showed absence of Gadolinium (Gd) enhancing 
lesions at MRI 619 days after T0. 

sNFL levels were in the normal range until 140 days before PML 
diagnosis. Interestingly, sNFL increased above reference levels (15.1 pg/ 
ul) already 115 days before definite PML diagnosis, 83 days before the 
first clinical sign and 60 days before the MRI considered stable at that 
time. sNFL showed a continuous increase in the following months, 
during pre-PML phase (15.5 pg/ml, 19.5 pg/ml, 33.8 pg/ml) and 
reached their peak (229.3 pg/ul) during PML evolution, at day 81 after 

Fig. 1. Longitudinal clinical, radiological and biological data in four PML cases at CRESM. sNFL levels (pg/ml, black circles= normal levels, red circle=
elevated/pathological levels, according to previously defined cut-off values, Valentino et al., 2021), MRI (white rhombuses= stable/inactive MRI, red rhombuses=
active MRI), clinical signs (white triangles= clinical stability, red triangles= PML signs/symptoms), EDSS scores (white circles) and treatments are represented in panels 
A-D during the longitudinal follow-up of each patient. The different PML phases are represented with different bar sections under each sNFL graph. The red dotted 
vertical line shows the first detection of JCV DNA, considered as the PML diagnostic confirmation (T0 time point). 
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T0. sNFL decreased during PML recovery and normalized 1115 days 
after diagnosis. 

Patient 2 (Fig. 1B) was a Caucasian woman, aged 39 at the time of 
PML diagnosis. She started NTZ therapy in June 2010, and she had been 
previously treated with mitoxantrone and interferon beta 1a 44mcg 3/ 
week. 

Routinary brain MRI performed in July 2014 revealed a new right 
temporo-occipital lesion suggestive of PML; brain MRI was repeated in 
August 2014, showing an increase of the new lesion, without contrast 
enhancement. The same day the patient underwent LP and resulted 
positive for JCV PCR (80 copies), confirming PML diagnosis (T0). 
Neurological examination didn’t show any new signs until September 
2014 (T0 + 22 days), when the patient started complaining of right 
lateral hemianopsia and dysmetamorphopsia; brain MRI showed pro
gressive enlargement of the right temporo-occipital lesion with signs of 
IRIS and cortical involvement (T0 + 57 days); worsening of radiological 
signs persisted until November 2014 (T0 + 90 days). Patient was treated 
with plasma-exchange and high dose intravenous steroids. In January 
2015, MRI didn’t show any contrast enhancement (T0 + 126 days). sNFL 
levels were normal in the basal phase (7.5 pg/ul, 330 days before 
diagnosis). No serum samples were available in the pre-PML phase. sNFL 
were strongly increased at PML diagnosis (81 pg/ul) and reached their 
peak (272 pg/ul) during PML IRIS, at T0 + 97 days. sNFL levels 
decreased during PML recovery (12.5 pg/ul measured in the last avail
able sample, collected at T0 + 622 days). 

Patient 3 (Fig. 1C) was a Caucasian man, aged 40 at the time of PML 
diagnosis. He started NTZ therapy in May 2010; he had been previously 
treated with interferon beta 1b and glatiramer acetate. 

Routinary brain MRI performed in May 2015 (after 63 infusions) 
showed a new right temporal lesion suggestive of PML; NTZ was inter
rupted. PML diagnosis (T0) was confirmed by detection of JCV DNA in 
CSF (11 copies). Neurological examination was stable but patient started 
having epileptic seizure in July 2015 (T0 + 37 days); brain MRI per
formed at T0 + 37 days showed enlargement of the temporal lesion with 
evidence of IRIS. From July to September 2015 (37 to 97 days after T0) 
brain MRI showed progressive enlargement of the temporal lesion with 
contrast enhancement. The patients was treated with high dose of ste
roids. On October 2015 (T0 + 149 days), brain MRI showed dimensional 
reduction of two lesions with persistent contrast enhancement. In March 
2016, brain MRI didn’t show any contrast enhancement (T0 + 293 
days). 

sNFL levels were in the normal range during basal phase. At PML 
diagnosis (T0), sNFL demonstrated increased (11.1 pg/ml) and they 
raised to their peak (107.1 pg/ml) at T0 + 149 days during PML evo
lution. sNFL decreased during PML recovery and normalized 880 days 
after diagnosis. 

Patient 4 (Fig. 1D) was a Caucasian man, aged 47 at the time of PML 
diagnosis. He started NTZ therapy in November 2009, after having being 
treated with Interferon beta 1a 22mcg 3/week, Azathioprine and 
Methotrexate. 

Routinary brain MRI performed in April 2012 showed a new left 
frontal lesion suggestive of PML. NTZ was interrupted and LP was per
formed showing positive for JCV PCR (15 copies) (T0). Patient under
went plasma exchange. 

In May 2012 (T0 + 28 days), the patient started complaining of 
speech impairment up to motor aphasia (T0 + 55 days); brain MRIs 
showed progressive enlargement of left frontal lesion, the appearance of 
right frontal lesion with linear enhancement (28 to 55 days after T0). In 
the following months, the patients gradually developed severe cognitive 
impairment with aphasia. 

Brain MRI performed in September 2012 (T0 + 140 days) showed the 
absence of Gd enhancing lesions. 

sNFL levels were normal during basal phase. At PML diagnosis (T0), 
sNFL demonstrated strongly increased (101.5 pg/ml); they reached their 
peak (192.6 pg/ml) 55 days after T0. sNFL levels decreased during PML 
recovery to 11.7 pg/ul corresponding to the last available sample (T0 +

887 days). 

3.2. sNFL levels during the different phases of PML and in NTZ-control 
group 

sNFL levels were analyzed and compared during the different phases 
of PML disease (Fig. 2A and B):  

- Basal (up to 4 months before PML diagnosis): sNFL values were in the 
normal range in all patients’ samples (median 9.1 pg/ml, range 
6.2–15.1 pg/ml; n = 9 samples), except for one sample from patient 
1: notably, this is the first time point at which the increase in sNFL 
levels occurred in this patient (Fig 1A).  

- Pre-PML (within 3 months before PML onset): sNFL were elevated in 
all available samples (median 19.50 pg/ml, range 15.50–33.80 pg/ 
ml; n = 3 samples).  

- PML diagnosis: sNFL were elevated in all patients (median 59.20 pg/ 
ml, range 11.1–101.50 pg/ml; n = 4 samples).  

- PML/IRIS: during this phase, sNFL levels reached their peak (median 
96.35 pg/ml, range 20.5–272.9; n = 14 samples) in all patients.  

- Post-PML (recovery phase, starting from the first MRI without 
enhancement, up to the end of follow-up): sNFL levels showed a 
decrease (median 12.80 pg/ml, range 9.30–30.60; n = 8 samples); 
however, based on reference values, sNFL were still elevated in 2 out 
of 4 patients at the end of their follow-up (622 and 887 days after 
PML diagnosis). 

In addition, a group of matched NTZ-treated MS patients experi
encing NEDA-3 status for at least 12 months was included as control 
group and sNFL levels were measured in one sample per patient: sNFL 
levels were in the normal range in all patients’ samples (median 4.7 pg/ 
ml, range 1.4–8.6 pg/ml). sNFL levels measured in PML patients at any 
disease phase (since basal to post-PML) demonstrate statistically higher 
compared to values measured in NTZ-control patients (Kruskal Wallis 
test with Dunn post hoc test, basal p = 0.0130, pre-PML p = 0.0118, PML 
diagnosis p = 0.0014, PML/IRIS P<0.0001 and post-PML p = 0.0009). 

3. Discussion 

The early detection of PML in the management of NTZ-treated pa
tients is crucial: MRI is currently the main monitoring tool for early PML 
detection. Frequent MRI are not always applicable and are highly 
expensive. sNFL in MS has been established as marker of inflammatory 
disease activity and treatment response. sNFL increase reflects central 
nervous system (CNS) axonal damage associated with clinical/subclin
ical disease activity, MRI new lesions, neurodegeneration in relapse-free 
phases (Akgün et al., 2019; Barro et al., 2020; Bittner et al., 2021; 
Thebault et al., 2020; Varhaug et al., 2019), and PML (Dalla Costa et al., 
2019; Fissolo et al., 2021; Loonstra et al., 2019). 

The availability of reliable reference values is of utmost importance 
to detect an increase of sNFL at individual level and to enable their 
routine use in clinical practice. 

Few previous studies demonstrated that sNFL levels are increased at 
PML diagnosis and correlate with volume of MRI lesions (Dalla Costa 
et al., 2019; Fissolo et al., 2021; Loonstra et al., 2019). In particular, 
Loonstra et al. suggests that an increase of sNFL could precede PML 
diagnosis in some patients; nevertheless, their data were not analyzed at 
an individual level based on reference values. Moreover, data about 
sNFL levels during PML recovery are scarcely assessed and discussed. 

A detailed longitudinal characterization of PML disease course, 
including clinical/radiological and biological parameters, could 
improve earlier PML detection and monitoring at individual level. 
Different specific phases can be identified in the follow-up of patients 
developing PML: a basal phase, an asymptomatic pre-PML phase, the 
PML diagnosis, the PML/IRIS and a recovery post-PML phase. 

The present study retrospectively assessed sNFL levels during the 
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longitudinal follow-up of four NTZ-treated patients developing PML in 
our MS center. sNFL levels were measured in 38 samples collected before 
and during the different PML phases (median time 43 months, range 
31–45 months), and interpreted according to the previously defined 
reference values (Valentino et al., 2021). 

Our data suggest that sNFL are a reliable tool to early detect and 
monitor PML: briefly, we observed that:  

1) sNFL were already elevated in all available samples in pre-PML phase  
2) sNFL levels were elevated in every patient at PML diagnosis  
3) sNFL were always elevated when MRI scan suggested a suspicious of 

PML  
4) sNFL levels were not normalized in all patients’ samples despite 

radiological stability during PML recovery (622 and 887 days after 
PML diagnosis). 

Patient 1 is the most informative case of the present study: the sys
tematic collection of serum samples in pre-PML phase allowed to clearly 
show that sNFL levels had been increasing before the first clinical and 
radiological signs, and before PML diagnostic confirmation by JCV-DNA 
detection in CSF. 

In addition, the very high sNFL values observed at PML diagnosis in 
patients 2 and 4 (81.0 and 101.5 pg/ml respectively, about 10-fold 
higher than the respective basal values) are suggestive of an increase 
in the preceding months, although samples collected during pre-PML 
phase were unfortunately lacking. 

Elevated sNFL levels, based on specific reference values, reflect CNS 
lesions that could be associated with disease activity, progression or 
PML, to be urgently investigated by MRI. 

Importantly, we found sNFL levels in the normal range in all NTZ- 
treated patients of the control group (n = 45) consistently with their 
NEDA-3 status, as well shown also in previously published data 
(Johnsson et al., 2022; Valentino et al., 2022). 

These evidences suggest that:  

1) sNFL are as sensitive as MRI in the detection of PML onset  
2) sNFL can early detect PML: in particular, a quarterly blood sampling 

(every three months) seems to be optimal for an earlier detection of 
sNFL increase  

3) sNFL can be used to monitor PML and its recovery: the increase of 
NFL levels and their subsequent reduction reflect disease evolution; 
in particular during PML recovery, persisting elevated sNFL levels 

(over the reference values) could suggest an ongoing neuronal 
degeneration. 

Further, sNFL dosage could be implemented as monitoring tool in 
patients treated with any other immunosuppressive drug, at high PML 
risk (Oshima et al., 2019), for which the same strict MRI monitoring is 
not always applicable. 

The main limitation of the present study is represented by the few 
PML patients included. However, considering the rarity and severity of 
this disease, the described four PML cases, including detailed pre- and 
post-PML follow-up data, add precious information and suggest the 
utility of sNFL dosing for a better routinary management of MS patients 
at risk of PML development. 

4. Conclusions 

Brain MRI monitoring is crucial in patients at high PML risk. sNFL 
quantification represents an easy accessible, sustainable and sensitive 
marker of CNS lesions, therefore useful to early detect and monitor PML 
. 

The measurement of sNFL should be introduced in clinical practice as 
an additional/alternative parameter to MRI for patients treated with any 
immunosuppressive drug. 
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