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Abstract
Objective
To evaluate individual neuroﬁlament light chain (NfL) variation over the time of disease course
and the potential of NfL measurement to predict treatment response in patients with MS.
Methods
We investigated 15 patients with MS after immune reconstitution treatment with alemtuzumab
(ATZ). Monthly serum NfL (sNFL) measurements were correlated with Expanded Disability
Status Scale (EDSS), MRI, and relapse activity over an observational period of up to 102
months.
Results
Before ATZ, sNfL was signiﬁcantly increased in correlation with previous relapse/MRI activity.
After ATZ, sNfL decreased quickly within the ﬁrst 6 months. In patients classiﬁed as NEDA-3,
sNfL declined and persisted at an individual low steady-state level of <8 pg/mL. During followup, 34 sNfL peaks with a >20 fold increase could be detected, which were associated with
clinical or MRI disease activity. Even patient-reported relapse-suspicious symptoms, which have
not been conﬁrmed because relapses were accompanied by sNfL, increase, proposing sNfL
assessment as a marker for relapse activity. sNfL started to increase earliest 5 months before,
peaked at clinical onset, and recovered within 4–5 months. sNfL presented at higher levels in
active patients requiring ATZ retreatment compared with responder patients. During 2
documented pregnancies, sNfL was at a low level, whereas a postpartum transient sNfL increase
was seen without any signs of activity.
Conclusions
This study applied a long-term high-frequency sNfL assessment in an ATZ-treated cohort,
allowing a holistic proﬁling on the individual level and highlighted that sNfL can eminently
complement the individual clinical and MRI monitoring in clinical practice.
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Glossary
ATZ = alemtuzumab; cMRI = cerebral MRI; EDSS = Expanded Disability Status Scale; Gd+ = gadolinium enhancing; IRT =
immune reconstitution therapy; NEDA = no evidence of disease activity; NfL = neuroﬁlament light chain; SIMOA = single
molecule array technology; sNfL = serum neuroﬁlament light chain; SS = steady state.
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Alemtuzumab (ATZ; Lemtrada, Sanoﬁ) is a humanized monoclonal antibody and represents one of the most eﬀective treatments for active relapsing-remitting MS.1,2 ATZ might produce
a durable therapeutic response as a consequence of a permanent
rebalancing of the immune system.3 It has introduced the immune reconstitution therapy as a new therapeutic induction
therapy-like concept in MS.4 The deﬁnition of clinical response
proﬁles after ATZ dosing is crucial to the identiﬁcation of patients
who need retreatment or switching to other therapy. Until now,
primarily clinical characteristics such as relapse activity, disability,
and repeated MRI analysis have been used to deﬁne response
proﬁles to MS treatment.5,6 However, this approach has several
limitations because even high-frequency clinical and MRI assessment is not sensitive enough to detect all neuroinﬂammatory
and neurodegenerative activity, and additional biomarkers are
needed to complement clinical- and MRI-derived information.7

context because their levels rise upon neuroaxonal damage
not only in the CSF but also in blood, indicating neuroaxonal
injury independent of causal pathways.8–10 Diﬀerent studies
presented that neuroﬁlament light chain (NfL) is increased in
the CSF of patients with clinically isolated syndrome and MS
and correlates with MRI activity, disability, and relapse
activity.11–16 Third-generation (electrochemiluminescence)
and particularly fourth-generation (single-molecule array
[SIMOA]) assays enable the reliable measurement of neuroﬁlaments throughout the range of concentrations found in
blood samples. Previous studies suggest serum (s)NfL as
a potential predictive marker for MS disease outcome.13,17–19
Nevertheless data and studies are missing that clarify how
sNfL measurements develop over time, at relapse, or remission and whether sNfL level may be able to predict
treatment response.

In particular, reliable quantiﬁcation and longitudinal followup evaluation of neuroaxonal damage would be important for
assessing MS disease activity, monitoring treatment response,
facilitating treatment development, and determining prognosis. The neuroﬁlament proteins that represent one of the
main cytoskeletal constitutes in neurons show promise in this

In this study, we analyzed individual long-term series of sNfL
levels in patients with highly active relapsing-remitting MS
after immune reconstitution treatment with ATZ using highfrequency sNfL assessment over a long observational period
of up to 102 months. By this approach, we aim to observe
sNfL changes in the MS disease course and stratify the
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Table Clinical parameters and sNfL levels before starting ATZ

EDSS at
starting
ATZ

Last
relapse
before
starting
ATZ [mo]

New T2
lesions in
MRI at
starting
ATZ [no.]

New Gd +
lesions in
MRI at
starting ATZ
[no.]

No. of
lesions in
MRI at
starting
ATZ

sNfL
before
starting
ATZ [pg/
mL]

Individual
sNfL at
steady
state [pg/
mL ± SD]

No. of mo when
sNfL steady
sate was
reached after
ATZ

Patient

Sex

Age at
starting
ATZ

1

f

39

3

1

0

2

>20

35.7

5.38 ± 1.17

7

2

f

24

3.5

4

4

3

>30

19.5

4.61 ± 1.14

2

3

f

25

3

5

0

0

>10

4.42

3.7 ± 0.8

—

4

f

44

2.5

10

4

5

>20

6.89

5.56 ± 1.56

—

5

m

32

2.5

10

2

0

>20

12.4

5.27 ± 0.71

5

6

m

31

3.5

4

7

5

>20

29.1

5.22 ± 1.17

10

7

f

21

1.5

5

2

0

>30

3.27

2.36 ± 0.48

—

8

f

28

1.5

10

2

0

>15

4.13

3.96 ± 1.52

—

9

m

25

1.5

6

2

2

>15

4.81

3.83 ± 1.13

—

10

f

31

4

2

17

15

>40

5.63 ± 1.7

6

11

f

45

3

4

1

1

>10

9.31

5.56 ± 1.04

3

12

f

27

1.5

15

0

0

>10

1.37

4.71 ± 2.59

—

13

f

21

2

14

0

0

>10

6.32

3.97 ± 0.85

—

14

f

29

3

3

1

0

>15

5.22

4.69 ± 0.82

—

15

m

36

1

6

0

0

>20

2.44

4.35 ± 1.14

—

23.5

Abbreviations: ATZ = alemtuzumab; Gd+ = gadolinium enhancing; no. = number; sNfL = serum neurofilament light chain.
sNfL before ATZ in bold mark—the significant increased sNfL compared to steady state.

potential to predict disease activity vs remission and treatment
response in patients with MS in clinical practice.

Methods
Patients, collection of clinical data, and
blood sampling
In this pilot study, we included 15 patients with relapsingremitting MS with clinical- and MRI-conﬁrmed highly active
disease course (ﬁgures 1–5, table). All patients were treated
based on a standardized infusion scheme as described and
used in CARE-MS 1 and 2 clinical trials20–22: During the ﬁrst
infusion course, 12 mg ATZ was infused for 5 consecutive
days. During the second course, 12 months later, ATZ was
administered for 3 consecutive days. Serum samples were
obtained before the ﬁrst ATZ infusion (baseline, month 0)
and then monthly during follow-up for up to 102 months.
Clinical parameters including relapse activity and Expanded
Disability Status Scale (EDSS) were recorded at monthly
respectively three monthly visits. A cerebral (c)MRI was
performed every 12 months or more frequently if needed.
ATZ retreatment with an additional course of 12 mg ATZ
given for 3 consecutive days was considered when clinical
disease activity including relapses appeared or MRI progression
Neurology.org/NN

was conﬁrmed by new gadolinium-enhancing (Gd+) lesions
and/or 2 new T2 lesions. Deﬁnition of no evidence of disease
activity (NEDA) is a composition of main outcome measure in
treated patients with relapsing-remitting MS.23 Criteria for
NEDA-3 status were deﬁned as (1) absence of relapses, (2)
absence of disability worsening deﬁned by conﬁrmed EDSS
progression (≥1.0 point increase if the EDSS baseline score was
<5.5; ≥0.5 point increase if the EDSS baseline score was ≥5.5),
and (3) absence of MRI progression (no evidence for new Gd+
lesions and/or new T2 lesions).
Study approval
The experiments and the study were approved by the institutional review board of the University Hospital of
Dresden. All patients gave their written informed consent.
sNfL measurement using single-molecule
analysis
Serum samples were collected monthly and directly stored
at −20°C until after preparation because NfL protein is
stable during freezing process.24,25 sNfL measurement was
performed using the Advantage NF-Light Singleplex Kit and
prepared as deﬁned in the manufacturer’s instructions
(Quartered, Lexington, MA, Datasheet Quanterix: SIMOA
NF-Light Advantage Kit). The SIMOA Human Advantage
NfL assay is a digital immunoassay for the quantitative
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Figure 1 Clinical data and variation of sNfL levels of patients 1–3 with ATZ-treated MS

Clinical data and sNfL variation since starting ATZ and during follow-up are presented. Clinical data including relapse activity, MRI activity, and pretreatments
are shown for the period before starting ATZ. Since ATZ initiation, a standardized monitoring scheme was performed by evaluation of relapse activity every
months, 3 monthly EDSS, and cerebral MRI every 12 months. Patient 1 to 3 (A to C) did receive only the first and the second ATZ infusion cycles. (Patients 1–3; AC) After the first and the second standard ATZ infusion courses, patients presented NEDA-3 status and low level of sNfL in the follow-up. ATZ = alemtuzumab;
cMRI = cerebral magnetic resonance imaging; Gd+ = gadolinium enhancing; sNfL = serum neurofilament light chain.

determination of NfL and was ran on a Simoa HD-1 instrument (Quanterix).26 The antibodies and calibrators
used in the assays have been developed by Uman Diagnostics (Sweden) and described previously in their platebased enzyme-linked immunosorbent assay.27 Previous
reports proved that the newly developed SIMOA technique
is the most sensitive to detect NfL even in lowest
4

concentrations.28 Calibrators (8 calibrator points) and diluted serum samples (dilution 1:4) were measured in
duplicates. Sample dilution was calculated using the instrument. The lower threshold of quantiﬁcation was 0.775
pg/mL. Both the mean intraassay coeﬃcient of variation of
duplicates and the mean interassay coeﬃcient of variation
were <10%.
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Figure 2 Clinical data and variation of sNfL levels of patients 4–6 with ATZ-treated MS

Clinical data and sNfL variation since starting ATZ and during follow-up are presented. Clinical data including relapse activity, MRI activity, and pretreatments
are shown for the period before starting ATZ. Since ATZ initiation, a standardized monitoring scheme was performed by evaluation of relapse activity every
months, 3 monthly EDSS, and cerebral MRI every 12 months. Patient 4 to 6 did receive only first and second ATZ infusion cycle. (patients 4 and 5) After the first
and the second standard ATZ infusion courses, patients presented NEDA-3 status and low level of sNfL in the follow-up. In patient 4 and 5, sNfL significantly
increased at selected time intervals. At these events, the patients presented acute neurologic symptoms that were not classified as acute relapses by the
treating neurologist. No corticosteroid treatment was performed and symptoms resolved within weeks spontaneously. (patient 6) After ATZ, no clinical
relapses appeared but ongoing disease activity was confirmed by MRI progression, which was paralleled by sNfL increase. ATZ = alemtuzumab; cMRI =
cerebral magnetic resonance imaging; Gd+ = gadolinium enhancing; NEDA = no evidence of disease activity; sNfL = serum neurofilament light chain.

Statistical analysis
An individual steady state (SS) of sNfL levels during stable
disease was deﬁned in each patient as mean (SS) ± SD of all
sNfL measurements in the selected period of NEDA (no
conﬁrmed relapses, no conﬁrmed EDSS progression deﬁned by increase ≥1.0 for minimum of 6 months, and no
Neurology.org/NN

MRI progression). A clinically signiﬁcant increase in sNfL
was deﬁned as > ([mean [SS] + [3 × SD]) in each patient.
Longitudinal data were analyzed by generalized linear
mixed models with gamma distribution and log link
function because of the right-skewed distribution pattern
for the evaluation of sNfL variation over the time. CIs and
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Figure 3 Clinical data and variation of sNfL levels of patients 7–9 with ATZ-treated MS

Clinical data and sNfL variation since starting ATZ and during follow-up are presented. Clinical data including relapse activity, MRI activity, and pretreatments
are shown for the period before starting ATZ. Since ATZ initiation, a standardized monitoring scheme was performed by evaluation of relapse activity every
months, 3 monthly EDSS, and cerebral MRI every 12 months. (patient 7) Patient 7 did receive only the first and the second ATZ infusion cycles. After 14 months,
the patient moved and was lost to follow-up. Based on return of clinical and MRI disease activity, ATZ retreatment was performed in patients 8 to 15. (patients
8–9) After ATZ initiation, patients stabilized rapidly in clinical symptoms and NEDA-3 status was reached. Years after first ATZ infusions, upcoming disease
activity was presented confirmed by new Gd+ lesions that was paralleled by the increase in sNfL. ATZ = alemtuzumab; cMRI = cerebral magnetic resonance
imaging; Gd+ = gadolinium enhancing; NEDA = no evidence of disease activity; sNfL = serum neurofilament light chain.

p values were originated from that model. For the analyses
of pre-relapse phases, doses of ATZ were included as
a random factor. Bonferroni correction for pairwise tests
was used. Values of p < 0.05 were considered signiﬁcant.
The length of the comparable time segment (CTS) for
comparisons between subjects with and without relapses
was set to ±12 months for respective analyses. The start of the
6

CTS will be the respective number of months prior to the ﬁrst
relapse of a subject or, for relapse-free subjects, under stable
conditions after the second ATZ cycle (deﬁned as 12 months
after the second ATZ cycle or 24 months after the initial
treatment). CTS will be individually censored in the case of
other events of disease activity in the predeﬁned segment.
Figures present means and 95% CIs. Correlation was
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Figure 4 Clinical data and variation of sNfL levels of patients 10–12 with ATZ-treated MS

Clinical data and sNfL variation since starting ATZ and during follow-up are presented. Clinical data including relapse activity, MRI activity, and pretreatments
are shown for the period before starting ATZ. Since ATZ initiation, a standardized monitoring scheme was performed by evaluation of relapse activity every
months, 3 monthly EDSS, and cerebral MRI every 12 months. Based on return of clinical and MRI disease activity, ATZ retreatment was performed in patients 8
to 15. (patient 10) After ATZ initiation, patients stabilized rapidly in clinical symptoms and NEDA-3 status was reached. Years after first ATZ infusions, upcoming
disease activity was presented confirmed by new Gd+ lesions that was paralleled by the increase in sNfL. (Patients 11–12) Early after starting ATZ, patients
presented upcoming or ongoing disease activity paralleled by sNfL increase. ATZ = alemtuzumab; cMRI = cerebral magnetic resonance imaging; Gd+ =
gadolinium enhancing; NEDA = no evidence of disease activity; sNfL = serum neurofilament light chain.

calculated using Spearman correlation test. Sensitivity and
speciﬁcity of signiﬁcant sNfL peaks were calculated for the
period after the ﬁrst and the second ATZ treatment. Starting at
month 24, sNfL levels were evaluated at 3 monthly intervals
and rated as normal/negative peak for levels (≤ [mean [SS] +
[3 × SD]) and increased/positive peak for levels (> [mean
Neurology.org/NN

[SS] + [3 × SD]). In total, 210 of the 3 monthly intervals were
evaluated while the presence of relapse activity, conﬁrmed
EDSS progression deﬁned by increase ≥1.0 for a minimum of 6
months, and MRI progression was assessed as well to deﬁne
the presence of signiﬁcant disease activity vs stable disease
course. Statistical analyses were performed using the IBM
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Figure 5 Clinical data and variation of sNfL levels of patients 13–15 with ATZ-treated MS

Clinical data and sNfL variation since starting ATZ and during follow-up are presented. Clinical data including relapse activity, MRI activity, and pretreatments are
shown for the period before starting ATZ. Since ATZ initiation, a standardized monitoring scheme was performed by evaluation of relapse activity every months, 3
monthly EDSS, and cerebral MRI every 12 months. Based on return of clinical and MRI disease activity, ATZ retreatment was performed in patients 8 to 15.
(patients 13–15) Early after starting ATZ, patients presented upcoming or ongoing disease activity that was paralleled by the increase in sNfL. ATZ = alemtuzumab;
cMRI = cerebral magnetic resonance imaging; Gd+ = gadolinium enhancing; NEDA = no evidence of disease activity; sNfL = serum neurofilament light chain.

SPSS software for Windows (version 25.0; IBM Corporation,
Armonk, NY).
Data availability
K. Akgün and T. Ziemssen have full access to all dataset and
take full responsibility for the integrity of the data and accuracy of the data analysis. Data will be shared on request from
any qualiﬁed investigator.
8

Results
sNfL baseline levels before ATZ initiation
Individual disease course and variation in sNfL are depicted
(ﬁgures 1–5). Immediately before starting ATZ, 6 of 15
patients presented with signiﬁcantly increased sNfL levels
(21.59 ± 10.48 pg/mL) (mean ± 95% CI) (table, ﬁgure e-1A,
links.lww.com/NXI/A108). This was in line with MRI scans
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one week before demonstrating progression of the number of
T2 lesions in all and new Gd+ lesions in 5 of these patients
compared to the previous MRI 12 months before. The last
clinically conﬁrmed relapse before starting ATZ occurred on
average 4.2 months ago (range 1–10 months). In contrast, 9
patients presented with sNfL levels, unchanged to their SS
levels (table). Here, 4 patients presented an unchanged MRI
lesion load, 3 patients presented new T2 lesions, and 2
patients showed new Gd+ lesions in MRI compared to MRI
12 months before. In these patients, last relapse activity was
documented a much longer time period ago, about 8.2
months (range 3–15 months). There was a strong negative
correlation of sNfL increase and time interval of last relapse
activity (r = −0.6018; p < 0.05).
After starting ATZ, initially elevated sNfL levels constantly
decreased and reached individual SS on average within 5.3
months (range 2–10 months) (table, ﬁgure e-1A, links.lww.
com/NXI/A108). At the second ATZ infusion course, 2
patients presented a signiﬁcant increase in sNfL levels that
declined after 2 respectively 6 months (ﬁgures 2 and 5, patient
4 and 15). Interestingly, after ATZ initiation, 5 of the 15
patients presented a transient increase in sNfL at month 2–3
after the ﬁrst ATZ infusion and 3 of the 15 patients after the
second ATZ infusion course that declined in the following
months (ﬁgures 1–3, patient 3, 4, 5, 7, and 10).
Only a limited number of blood samples were available for 4
patients receiving interferon-beta therapy in the treatment
period before ATZ initiation (ﬁgure 5, patient 12–15). All 4
patients presented ongoing disease activity reﬂected by clinical relapses and MRI progression. Increase and high intraindividual variation of sNfL levels were also seen in the clinical
active period before starting ATZ with the highest sNfL level
of up to 84.2 pg/mL (ﬁgure 5, patient 12).

still ongoing or returning disease activity months or years after
the ﬁrst ATZ infusions. After the initial ATZ use and decrease
of sNfL levels, all patients reached individual SS levels of sNfL
during the stable disease period. Evaluating sNfL levels during
follow-up, repeated signiﬁcant sNfL peaks could be detected
at diﬀerent time points in some patients. After the ﬁrst and the
second ATZ treatment courses, a total of 34 sNfL peaks could
be identiﬁed in our patients (ﬁgure e-2A, links.lww.com/
NXI/A108). Twenty-seven sNfL peaks were associated with
conﬁrmed clinical or MRI disease activity (ﬁgure e-2A, links.
lww.com/NXI/A108). In contrast, 146 of 152 of quarterly
intervals without any sNfL peak were associated with stable
disease (ﬁgure e-2B, links.lww.com/NXI/A108). Regarding
relapses, individual sNfL levels started to increase 5 months
before the ﬁrst symptoms of relapse appeared (estimated
means p < 0.05 at month 5, 4, and 2 before onset of relapse)
and were signiﬁcantly elevated at the onset of clinical relapse
activity (p < 0.001) (ﬁgure e-3A, links.lww.com/NXI/A108).
At acute relapse activity, sNfL levels peaked to up to 81.9 pg/
mL. After clinical onset of relapse, sNfL further increased and
recovered in the following months. 95% CI of sNfL after
relapse approximated to 95% CI of NEDA-3 status patients
earliest 3-month follow-up (ﬁgure e-3A, links.lww.com/NXI/
A108).
Six patients came to an unscheduled consultation reporting
acute worsening and symptoms that were not conﬁrmed as
a relapse by our neurologists presenting with an sNfL peak as
demonstrated by later analysis (ﬁgure e-2A, links.lww.com/
NXI/A108). These symptoms covered acute worsening of
dysesthesia, paresthesia, fatigue, or dizziness and resolved
spontaneously within weeks. Comparable to the conﬁrmed
relapses, sNfL started increasing 5 months before, peaked at
clinical onset and within 3 months of follow-up (p < 0.013),
and subsequently decreased after 4 months (ﬁgure e-3B, links.
lww.com/NXI/A108).

Variation of sNfL in patients with NEDA-3
status after ATZ treatment
After receiving the ﬁrst and the second ATZ standard infusion
courses, all patients responded to treatment documented by
decreased clinical and MRI activity. Seven of 15 patients after
the ﬁrst ATZ infusion course presented and one more patient
after the second ATZ infusion course presented conﬁrmed
EDSS improvement ≥0.5 for at least 6 months. In our cohort,
4 patients met the criteria for the NEDA-3 status even during
entire 102 months of long-term follow-up (ﬁgures 1 and 2,
patient 1–4). Others reached NEDA-3 status after ATZ
treatment as well but presented reappearance of disease activity during the follow-up of 5 and 7 years that necessitated
ATZ retreatment (ﬁgure 1, patient 8–10). When NEDA-3
was conﬁrmed, sNfL levels reached an individual low SS level
of < 8 pg/mL (table, ﬁgures 1–5).

Linking sNfL with MRI activity, an increase in sNfL levels was
mostly associated with a progression of the T2 lesion load and
new Gd+ lesions as observed in 24 of 34 cases (ﬁgure e-2A,
links.lww.com/NXI/A108). Yearly MRI scans demonstrated
that an increase in sNfL was usually detectable already months
before MRI could conﬁrm new subclinical activity of the past
12 months. In particular, in patients with new T2 lesions but
without Gd+ lesions, the peak and increase in sNfL was seen
on average 6–1 months before MRI scan was taken (ﬁgure
e-3C, links.lww.com/NXI/A108). In contrast, the presentation of Gd+ lesions was paralleled by an sNfL increase
around the time point of MRI scans, reﬂecting the association
of acute disease activity between sNfL peak and Gd+ lesion in
time that abated within the following 4–6 months (ﬁgure
e-3D, links.lww.com/NXI/A108).

sNFL—real-time marker for upcoming disease
activity in patients with ATZ-treated MS
Although some patients met the NEDA-3 status for a long
term after starting ATZ, others presented with a decreased but

The sNfL pattern associated with disease activity was comparable with clinical and MRI activity: In contrast to our
NEDA-3 patients, 95% CI of sNfL levels of active patients
increased 5 months before the clinical event, peaked within 3

Neurology.org/NN
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months, and decreased at about 5 months of follow-up (ﬁgure
e-3E, links.lww.com/NXI/A108). Looking at our data, quarterly assessment of sNfL levels should be the minimum frequency of sNfL analysis, which seems to be necessary to
detect all real-time variations in patients with MS during longterm observation.
For 7 sNfL peaks, no signs of disease activity measured by
cMRI, and relapse activity or relapse-associated EDSS increase
could be documented (ﬁgure e-2A, links.lww.com/NXI/
A108). In our cohort, 4 pregnancies were documented after
ATZ initiation. During pregnancies, sNfL was at low and stable
levels (ﬁgures 1, 3, and 5, patient 3, 8, and 13). After birth,
a transient sNfL increase was seen in 2 patients without any
signs of clinical or MRI activity (ﬁgures 1 and 5, patient 3 and
13), and data for sNfL levels after birth are missing after 2
pregnancies (ﬁgures 3 and 5, patient 8 and 13). Five more sNfL
peaks appeared at the period of stable disease that principally
met the NEDA-3 status. However, conclusive comparable data
on spinal MRI follow-up are missing in our study.
In addition to sNfL peaks, we searched the sNfL follow-up
measurements for time intervals of 3 months with normal
sNfL levels (≤ [mean [SS] + [3 × SD]) after ATZ initiation. In
total, 210 sNfL quarterly intervals were analyzed. For 146
intervals, stable disease without evidence of clinical or MRI
progression was documented as well as sNfL was at the
normal level (ﬁgure e-2B, links.lww.com/NXI/A108). For
only 6 intervals, normal sNfL was paralleled by a classiﬁed
relapse (1), disability progression (2), or MRI progression
(3). For the remaining 58 quarterly intervals, an increase in
sNfL was associated with clinical or/and MRI activity.
Evaluation of quarterly time intervals with and without sNfL
peak after ATZ initiation was used to calculate sensitivity and
speciﬁcity. An sNfL peak could indicate acute clinical and/or
MRI disease activity in 89.47% of the cases (sensitivity). Low
sNfL levels were associated without clinical or MRI disease
activity in 95.42% (speciﬁcity).
sNfL after ATZ retreatment
Based on the reappearance of disease activity, ATZ retreatment was initiated in 8 patients (ﬁgures 3–5, patient 8–15). At
least, 10 ATZ retreatments (7 patients received 1 ATZ retreat
and 1 patient received 3 ATZ retreats) had to be performed in
our cohort. During the period before ATZ retreatment, which
was characterized by upcoming disease activity as demonstrated by relapse or MRI progression, sNfL levels showed
a prolonged increase (ﬁgure e-1B, links.lww.com/NXI/
A108). In 6 patients, ATZ retreat led to a rapid decrease in
clinical disease activity and stable disease since retreat in longterm follow-up. sNfL decreased and reached a low SS level on
average of 4.2 months (ﬁgure e-1B, links.lww.com/NXI/
A108). Although clinical and MRI activity decreased after
ATZ retreatment in 2 patients, it did not led to a completely
stable disease, which was reﬂected again by increased sNfL
levels (ﬁgure 5, patient 12, 15).
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Discussion
The evaluation of sNfL is a promising opportunity to evaluate
MS disease activity. While measurement of NfL in CSF has
already demonstrated a signiﬁcant correlation with inﬂammatory disease activity,12–14 fourth-generation immunoassays allow the implementation of sNfL measurement from
patients` blood as “easy-to-measure” marker to reﬂect acute
neuroaxonal damage. Of particular interest is the proof that
sNfL levels can be used to separate not only patients with MS
from healthy controls but also to separate patients with MS
with and without persistent clinical and subclinical MRI disease activity.19,29,30 In previous studies, increased sNfL levels
in patients with MS have been independently associated with
disability and relapse status and suggested to be a predictive
marker for future relapses and disability worsening.17,19 Further data have proved that patients on disease-modifying
treatment had lower sNfL levels than untreated patients.29 In
this line, another study found that patients who switched from
injectable therapies to ﬁngolimod had signiﬁcantly lower sNfL
levels than staying on injectables.31 Associations between
disease activity and treatment-related reductions in sNfL
levels were conﬁrmed by another study in a large independent
cohort of patients with relapsing-remitting MS.11 A longitudinal observational study demonstrated that patients with
increased sNfL levels at baseline, independent of other clinical
and MRI variables, experienced signiﬁcantly more brain and
spinal cord volume loss over 2 and 5 years of follow-up.17
Nevertheless, detailed data on high-frequency measurements
of sNfL levels in patients with MS are still missing. This could
assist their implementation into clinical practice by proﬁling
individual sNfL dynamics during active vs stable disease. This
is especially interesting for patients treated with immune reconstitution therapies as ATZ. Diﬀerent response proﬁles to
ATZ have been described so far,32 which only were deﬁned by
clinical characteristics as relapse activity and disability as well
as repeated MRI analysis.5,6
In this pilot study, we analyzed the individual variation of
sNfL levels using monthly measurements in patients with
relapsing-remitting MS over a long period. Our 15 patients
were treated with ATZ, which mediates its long-term eﬃcacy
by depleting T and B lymphocyte subsets and immunereconstitution during follow-up. The deﬁnition of treatment
response and the resulting potential need for retreatment are
important aspects in ATZ therapy. However, careful evaluation of clinical and MRI response proﬁles in ATZ-treated
patients combined with high-frequency measurement of sNfL
levels is a straightforward approach to learn more about sNfL
in the follow-up of patients with MS.
In parallel with the highly active disease course, which was the
reason to treat with ATZ, increased sNfL levels were documented before starting ATZ, which declined after ATZ infusion within the following months. Even high-frequency
sNfL assessment could prove the positive long-term treatment eﬀect of only 2 ATZ courses mostly. During stable
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disease, a low individual SS level of sNfL without signiﬁcant
variations was found. In the period after ATZ treatment, our
data indicate that sNfL increase is clearly associated with the
return of clinical and MRI disease activity. In particular, relapse activity and development of new Gd+ lesions were
paralleled by an increase in sNfL. The peak in sNfL levels was
directly linked with the onset of relapse and acute MRI activity. High-frequency evaluation of sNfL could demonstrate
that the increase in sNfL already starts several months before
relapse activity is clinically visible. Nevertheless, the sample
size in our pilot study group is too small to draw ﬁnal conclusions on the exact time period when sNfL peak is predictive
for disease activity. Interestingly, patient-reported symptoms
that have not been classiﬁed as clinical relapse by the treating
neurologists have been sometimes associated with an sNfL
increase, proposing acute sNfL assessment as a parameter to
identify real relapse activity in patients with MS. Although the
number of patients is limited in this pilot evaluation, the estimation on sensitivity and speciﬁcity proposed high quality in
the classiﬁcation of active vs stable disease using sNfL measures. Previous studies have evaluated the relationship of sNfL
levels with clinical and MRI data at the group level.11,19,29
Only a few reports are available that assess sNfL levels during
follow-up, but using low-frequency assessment periods of
a year.11,31 Our high-frequency sNfL assessment is capable to
document the dynamics of sNfL peaks as increases for a short
time period of 3–6 months, which are associated with disease
activity. Our data demonstrate that at the minimum quarterly
sNfL measurements would be suﬃcient to detect all real-time
variations during long-term observation. A monthly assessment of sNfL does not seem to be necessary as performed in
our high-frequency study.
During our observation, few sNfL peaks could be seen in
patients without evidence of MS disease activity as measured
by relapses, disability progression, or MRI activity. Usually,
sNfL levels were at their lowest level at the period when the
NEDA-3 status was conﬁrmed. However, only cerebral MRI
was performed in our study, whereas conclusive longitudinal
data on spinal MRI were not available. Other studies already
conﬁrmed the correlation between increased sNfL levels and
Gd+ spinal lesions as well as brain and spinal cord
atrophy,11,17,18 which were not evaluated in our study as
well. In our cohort, there were no other reported events as
trauma episodes, stroke, anesthesia during surgery, or metabolic diseases that were supposed to be associated with
sNfL increase.33–36 However, we are not able to completely
exclude such factors. In MS, sNfL peaks can indicate subclinical disease activity even when clinical parameters and
cerebral MRI seem to be stable. Further studies are necessary
to investigate the relevance of additional MRI parameters to
conﬁrm active vs stable disease.
Several studies highlighted the relevance of sNfL levels to reﬂect ongoing neuroinﬂammation as well as neurodegeneration
in patients with MS.8,37 In our cohort, only patients with highly
active relapsing-remitting MS disease course were included.
Neurology.org/NN

Instability and increase in sNfL level were clearly associated
with relapses and occurrence of new T2 and Gd+ lesions in
cerebral MRI that are typically linked to the inﬂammatory
characteristics of MS pathology. Our data represent sNfL as
a real-time marker of current or upcoming inﬂammatory disease activity as well as treatment response on an individual level
rather than only a predictive parameter for disease outcome in
patients with relapsing-remitting MS at the group level. Collection of real-world data and observational studies providing
longitudinal information on drug proﬁle and diﬀerent outcomes in real life are essential to derive more and important
implications for sNfL use in clinical practice.38–40
Here, we present long-term high-frequency sNfL assessments
in an ATZ-treated cohort for up to 8.5 years of follow-up,
allowing a holistic clinical, MRI, and sNfL responder evaluation on the individual patient level. sNfL can complement the
individual clinical and MRI monitoring after immune reconstitution treatment with ATZ. More long-term data regarding individual sNfL patient proﬁles have to be generated
for diﬀerent treatment options before sNfL could become
a key parameter for decision-making in clinical practice.
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