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Abstract

Objective To determine the diagnostic and monitoring value of serum neurofilament light chain (NfL) in spinal muscular
atrophy (SMA).

Methods We measured serum NfL in 46 SMA patients at baseline and over 14 months of treatment with the antisense-
oligonucleotide (ASO) nusinersen using the ultrasensitive single molecule array (Simoa) technology. Serum NfL levels of
SMA patients were compared to controls and related to cerebrospinal fluid (CSF) NfL, blood-CSF barrier function quanti-
fied by the albumin blood/CSF ratio (Qalb) and motor scores (Hammersmith Functional Motor Scale Expanded, HFMSE;
Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised, ALSFRS-R).

Results Serum NfL levels of SMA patients were in the range of controls (p =0.316) and did not correlate with CSF NfL
(p=0.302, p=0.142) or Qalb (p=—-0.160, p=0.293). During therapy, serum NfL levels were relatively stable with nota-
ble concentration changes in single SMA patients, however, within the control range. Higher NfL levels were associated
with worse motor performance in SMA (baseline: HFMSE p=—0.330, p=0.025, ALSFRS-R p=-0.403, p=0.005; after
10 months: HEMSE p =—0.525, p=0.008, ALSFRS-R p=-0.537, p=0.007), but changes in motor scores did not correlate
with changes in serum NfL.

Conclusion Diagnostic and monitoring performance of serum NfL measurement seems to differ between SMA subtypes.
Unlike to SMA type 1, in adolescent and adult SMA type 2 and 3 patients, neurodegeneration is not reflected by increased
NfL levels and short-term therapeutic effects cannot be observed. Long-term follow-up has to be performed to see if even
low levels of NfLL might be good prognostic markers.
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Introduction

Spinal muscular atrophy (SMA) is a progressive motoneu-
ron disease caused by homozygous deletion of the SMNI
gene. Degeneration of lower motoneurons (LMN) causes
spinal and bulbar muscle weakness and atrophy. Based on
age of onset, achieved motor skills and life expectancy, the
disease is divided into different subtypes [1]. While SMA
type 1 represents the infantile-onset, acute form with most
severe symptoms and death in infancy due to respiratory
insufficiency [2], SMA types 2 and 3 display a chronic
course with later-onset in childhood or even adolescence,
survival into adulthood, and the potential for a normal
lifespan, however often accompanied by severe physical
disability [3]. The diagnosis of SMA is based on molecu-
lar genetic testing [4]. While previously only supportive
therapeutic measures were available for SMA, in 2017
the antisense-oligonucleotide (ASO) nusinersen has been
approved in Europe for the treatment of all SMA types
[5] and recently, the first gene-replacement therapy (zol-
gensma) [6] has been approved in the US for the treatment
of SMA patients less than 2 years of age. With the emer-
gence of new therapies for neurodegenerative diseases, the
need for biomarkers to track treatment response increases.
Neurofilaments (Nf) are important structural elements
of neurons, particularly axons, and essential for radial
growth of axons during development, maintenance of
axon caliber and nerve conduction velocity [7-9]. Multi-
ple studies investigated the potential of Nf levels as bio-
markers in patients with neurodegenerative diseases [10].
Increased levels of Nf in both, cerebrospinal fluid (CSF)
and blood, have been found e.g., in amyotrophic lateral
sclerosis (ALS), a rapid progressive motoneuron disease
with upper motoneuron (UMN) and LMN affection, and
numerous studies showed the usefulness of Nf for diag-
nosis, disease progression and survival in ALS [11-13].
We observed high Nf levels [neurofilament light chain
(NfL) and phosphorylated neurofilament heavy chain
(pNfH)] in CSF in an infant with SMA type 1, which
decreased below the lower limit of detection (LLOD) when
treated with nusinersen [14]. The same performance of NfLL
in CSF was shown by Olsson et al. in 12 nusinersen treated
SMA type 1 children [15]. Moreover, massively elevated
pNfH levels in plasma have been observed in infants with
SMA type 1 enrolled in ENDEAR (NCT02193074), a phase
3, randomized, double-blind, sham procedure-controlled
study to assess the efficacy of nusinersen in infantile-onset
SMA. Plasma pNfH levels inversely correlated with mark-
ers of disease severity, and showed a decline followed by a
relative stabilization in SMA infants receiving nusinersen.
Thus, Nf may be promising markers of disease activity and
treatment response in infants with SMA type 1 [14, 16].

In a previous study, however, we did not detect elevated
NfL and pNfH levels in CSF in adolescent and adult SMA
type 2 and 3 patients compared to controls, neither before
nor during therapy with nusinersen. Several of the adoles-
cent and adult SMA type 2 and 3 patients had even CSF Nf
level below the detection limit of the assay (ELISA) [17].
We assumed that low Nf levels in CSF in these patients
may result from slow disease progression, preexisting loss
of motoneurons and, in contrast to ALS, from affection of
the LMN only. In ALS, in particular degeneration of the
UMN and their large-caliber axons along the entire spinal
cord, result in the release of a high amount of Nf in CSF
[18, 19]. In SMA however, LMN axons are located in the
main beyond the CSF space. Therefore, the question arises
whether Nf levels in SMA might be possibly less elevated
in CSF, but rather in the blood compartment.

This study aims to examine NfL in serum in adolescent
and adult SMA type 2 and 3 patients in comparison to con-
trols and during treatment with nusinersen, to evaluate its
value for diagnosis and therapeutic monitoring.

Methods
The primary goals of this study were the following:

1. Analysis of serum NfL levels in adolescent and adult
SMA type 2 and 3 patients at baseline and during
14 months of treatment with the ASO nusinersen using
the ultrasensitive single molecule array (Simoa) technol-
ogy.

2. Comparison of serum NfL levels in SMA patients to
levels in controls. Association of serum NfL in SMA
patients at baseline to CSF NfL and the blood-CSF bar-
rier function quantified by means of the albumin blood/
CSF ratio (Qalb) (see also [17]).

3. Association of baseline and follow-up serum NfL levels
in SMA patients to motor scores [Hammersmith Func-
tional Motor Scale Expanded (HFMSE) and the Amyo-
trophic Lateral Sclerosis Functional Rating Scale—
Revised (ALSFRS-R)].

Standard protocol approvals, registrations,
and patient consents

The study was approved by the local ethics committees of
the centers involved in Ulm, Dresden, Gottingen and Han-
nover (approval number at central study center at Ulm Uni-
versity 19/12; 2012) and all patients or their relatives (legal
guardian) gave informed written consent to participate in
the study.
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Sampling and participants
Sample collection

Patient samples were collected since the availability of
nusinersen in July 2017 to December 2018 at the following
centers of the MND-NET (German Network for Motoneuron
Diseases): Department of Neurology, Ulm University (Ger-
many), Department of Neurology, Technische Universitit
Dresden (Germany), Department of Neurology, University
Medical Center Gottingen (Germany) and Department of
Neurology, Hannover Medical School (Germany).

We collected serum samples of 58 SMA patients; how-
ever, due to incomplete data sets we excluded serum sam-
ples from 12 patients, resulting in a total sample size of
46 serum samples for final analysis. Serum samples were
taken and evaluated in parallel to intrathecal administration
of nusinersen at baseline (start therapy, T1) and on treat-
ment days 180 (6 months, T5), 300 (10 months, T6) and
420 (14 months, T7). CSF samples were taken and evaluated
before the first intrathecal administration of nusinersen at
baseline (T1).

Sample analysis

Serum was obtained from peripheral blood by centrifuga-
tion (800g, 5 min) and stored within two hours at — 80 °C.
CSF was obtained by lumbar puncture. Biobanking was con-
ducted according to current recommendations [20]. Serum
NfL concentrations were measured with the single molecular
array (Simoa) platform provided by Quanterix (Lexington,
MA, USA) [21]. Measurements were performed on the fully
automated instrument HD-1 Analyzer (Quanterix) [22] using
the NfL. Advantage kit from Quanterix, which employs an
anti-NfL monoclonal antibody produced by UmanDiagnos-
tics (Umed, Sweden). The interassay coefficients of varia-
tion (CV) were < 15%. As presented before [17], ELISA kits
were used for the measurement of CSF NfL (IBL, Hamburg,
Germany) according to the manufacturers’ instructions. Inte-
rassay CV was <20%. Concentrations of albumin in CSF
and serum samples were determined as described earlier
[17,23]. Clinical information, including diagnostic category
of any sample, was not available to the performers of the
measurement.

SMA patients

Patients history and clinical data (e.g., age) were gathered
before therapy started. All patients had genetically confirmed
5q-SMA (deletion in exon 7 and/or 8 in the SMNI gene).
Disease onset in SMA type 2 patients was in early child-
hood, in SMA type 3 patients in childhood or adolescence.
Severity of symptoms was classified as per the HFMSE, a
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validated rating scale for SMA type 2 and 3 patients [24,
25], and the ALSFRS-R, a rating scale validated for ALS
[26], which in contrast to the HFMSE includes respiratory
and bulbar affection. The highest score of the HFMSE is 66
points; lower values represent a more severe stage of disease.
In the ALSFRS-R a maximum of 48 points can be reached;
also, here, lower values represent a more severe stage of
disease. Scores were performed at baseline (T1), after five
(TS), six (T6) and seven (T7) injections of nusinersen.

Control group

The control sample comprised 14 patients without neuro-
degenerative diseases and without inflammatory diseases
of the CNS (e.g., headache disorders, syncope, vertigo and
psychosomatic diseases). Only one serum sample was taken
and evaluated from each control patient.

Statistical analysis

A cut-off level of 45 pg/ml was defined according to Stein-
acker et al. [27] and Verde et al. [13] to distinguish between
elevated and non-elevated NfL levels in serum. Continuous
variables were described by the mean and standard error
of the mean (SEM) or median and quartiles as appropriate.
Additionally, the range is presented.

To compare datasets of marker concentrations between
the SMA patient group and the control group, Mann—Whit-
ney test was used. To compare datasets of marker concentra-
tions within the SMA patient group, the Wilcoxon signed
rank test was used. Associations between marker concentra-
tions and between the average levels of fluid analytes and
motor rating scores were investigated by the Spearman rank
correlation coefficient and linear regression. Because of the
explorative character of this study, the results of the statisti-
cal tests should not be interpreted as confirmatory: all results
of statistical tests have to be interpreted as hypothesis gen-
erating only. No adjustment for multiple testing was done.
A two-sided p value <0.05 was interpreted as statistically
significant. Statistical analysis was performed with the soft-
ware GraphPad Prism 8.

Results
Patient characteristics

For a summary of patient (and control) characteristics at
baseline, see Table 1.

No difference in age (Mann—Whitney test p =0.3164) and
sex (Fisher’s exact test p=0.373) between the SMA patient
group and the control group was observed.
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Table 1 Characteristi.cs of SMA SMA2/3 SMA2 SMA3 Con
and control (Con) patients at
baseline N 46 20 26 14
Gender (% males) 52.2 55.0 50.0 42.9
Age (years) 32 (11-60) 24 (11-54) 42 (13-60) 39 (28-47)
HFMSE 8 (0-66) 3 (0-8) 24 (0-66)
ALSFRS-R 33 (16-48) 27 (16-34) 35 (24-48)
NfL serum (pg/ml) 14 (5-29) 16 (5-28) 12 (5-29) 13 (9-19)
Qalb? 42 (2.3-11.4) 39(2.6-7.2) 4.7 (2.3-11.4)
NfL CSF (pg/ml)° 263 (100-1221) 263 (136-702) 275 (100-1221)
pNfH CSF (pg/ml)° 63 (63-216) 63 (63-216) 63 (63-213)

Demographic characteristics of the patient (and control) cohort, marker concentrations in serum and CSF
and clinical performance (motor scores: HFMSE and ALSFRS-R). Data are given as median values with

ranges in brackets

SMA spinal muscular atrophy, Con controls without neurodegenerative or inflammatory CNS disease,
HFMSE Hammersmith Functional Rating Scale Expanded, ALSFRS-R Amyotrophic Lateral Sclerosis
Functional Rating Scale—revised, NfL neurofilament light chain, Qalb albumin blood/CSF ratio, CSF cer-
ebrospinal fluid, pNfH phosphorylated neurofilament heavy chain

3Qalb is missing in one patient; ?°CSF NfL and pNfH parameters were available for 25 SMA patients [17]

Median HFMSE in all SMA patients (N =46) at baseline
(T1) was 8 (IQR 2.75-28.5, range 0.0-66.0), after 6 months
of treatment (T5, N=41) HFMSE was 7 (IQR 4.0-33.0,
range 0.0-66.0), after 10 months of treatment (T6, N=24)
HFMSE was 9 (IQR 0.0-40.75, range 0.0-66.0) and after
14 months of treatment (T7, N=9) HFMSE was 31 (IQR
4.0-55.5, range 0.0-66.0).

Median ALSFRS-R in all SMA patients (N =46) at base-
line (T1) was 33 (IQR 27.0-37.25, range 16.0-48.0), after
6 months of treatment (T5, N=41) ALSFRS-R was 33 (IQR
27.0-38.0, range 16.0-48.0), after 10 months of treatment
(T6, N=24) ALSFRS-R was 33 (IQR 23.5-40.0, range
16.0-48.0) and after 14 months of treatment (T7, N=9)
ALSFRS-R was 36 (IQR 26.5-44.0, range 20.0—438.0).

It should be pointed out here, that this study does not
primarily address the evaluation of efficacy of nusinersen in
these patients. In addition, it should be noted that the total
number of patients decreases over time, as treatment was not
initiated at the same time for all patients. Since treatment of
SMA type 3 patients started earlier in many centers, HFMSE
score is correspondingly higher at later examination dates
(e.g., T7).

Serum NfL levels at baseline

Serum NfL was expressed at low levels in SMA patients and
controls and there was no difference in the serum NfL levels
of SMA patients and controls (Table 1 and Fig. 1a, Con
vs. SMA 2/3 p=0.6687, vs. SMA 2 p=0.2744, vs. SMA 3
p=0.8501). Furthermore, there was no difference in SMA
2 and SMA 3 patients (p =0.4993).

Serum NfL did not correlate with the SMA patients’ age
of life (SMA 2/3: p=0.1989, p=0.1851). Also, we saw

no correlation for SMA patients of serum NfL with Qalb
(N=45) (p=-10.1602, p=0.293) or CSF NfL (N=25)
(p=0.3021, p=0.1422). Similar results were obtained for
the SMA 3 subgroup (serum NfL vs CSF NfL: p=0.8192,
p=0.8192, vs. Qalb: p=—-0.2352, p=0.2473) (Fig. 1b), and
for Qalb for the SMA 2 subgroup (p=0.1276, p=0.6027).
CSF and serum NfL levels, however, were positively cor-
related in SMA 2 (p=0.8167, p=0.018) (Fig. 1¢).

[Since CSF pNfH levels in SMA patients were mostly
below the detection limit of the assay (median pNfH 63 pg/
ml) (17), no further correlation to serum NfL values was
calculated].

Serum NfL levels within the SMA group
after injections of nusinersen

Serum samples after five injections of nusinersen (T5) were
available from 41 patients, a second follow-up serum sample
after six injections (T6) was available from 24 and a third
follow-up (T7) sample from 9 SMA patients.

For one SMA 3 patient who had 20 pg/ml serum NfL at
baseline, we determined a very high level of 218 pg/ml at
TS5 (Fig. 1d, lower panel). Re-examination of the sample
confirmed high level of NfL (193 pg/ml). A closer look at
the patient’s clinical characteristics revealed no noteworthy
features. The patient T5 measure was excluded as an outlier
from the following calculations.

We found that NfL correlated with the age of SMA
patients at T5 (p=0.6328, p <0.0001) as well as T6
(p=0.5649, p=0.004).

Looking at the individual changes of the serum NfL level
revealed substantial heterogeneity for both SMA 2 (Fig. le)
and SMA 3 (Fig. 1d).
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Fig.1 a Boxplots of serum neurofilament light chain (NfL) levels
in healthy controls (Con) compared to SMA type 2 and SMA type 3
patients as well as to all SMA patients (SMA 2/3) at baseline. Given
are the median concentrations, 25% and 75% percentile, and 5% and
95% whiskers; circles represent outliers. b, ¢ Scatter plots and linear
regression lines for baseline CSF NfL levels (left Y-achsis) and albu-
min CSF/serum ratio (Qalb, right Y-achsis) against the serum NfL
concentrations for SMA 2 and SMA 3, respectively. d Serum NfL
levels in individual SMA 2 (upper panel) and SMA 3 patients (lower
panel) measured after the first (O days, T1), the fifth (day 180, TS5),
sixth (day 300, T6), and seventh (day 420, T7) injection of nusin-
ersen. The red lines connect the median NfL levels. € Mean serum
NfL levels with SEM at T1, TS, T6, and T7 for all SMA patients and

Compared to controls, NfL levels in all SMA patients as
well as in type 2 and type 3 subgroups, did not differ after
five (T5) (all: p=0.2533, SMA 2: p=0.1108, SMA 3:
p=0.5882), six (T6) (all: p=0.5749; SMA 2: p=0.9885,
SMA 3: p=0.3825), or seven (all: p=0.7343, SMA 2:
p=0.1559, SMA 3: p=0.659) injections of nusinersen.
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serum NfL (pg/ml)

for the SMA 2 and SMA 3 subgroups. Statistical analysis (Wilcoxon
test) revealed no significant changes between sampling dates except
for the given one. f, g Scatter plots and linear regression lines for
serum NfL against HFMSE scores (SMA 2, TS5 and T6) and against
ALSFRS-R scores (SMA 2/3, T1 and T6), respectively. h Higher
HFMSE and ALSFRS-R scores for SMA 2/3 patients with serum
NfL levels below the median (13.6 pg/ml) compared to SMA 2/3
patients with serum NfL above the median. Given are mean levels
and SEM. i Comparison of serum NfL levels in SMA 2/3 patients
who improved (score change>0) from T1 to T5 and T1 to T7 with
serum NfL levels in patients who showed no increase in motor scores
(score change <0) from T1 to T5 or T1 to T7. Given are mean levels
and SEM

For all SMA patients and for the SMA 2 and SMA 3
subgroups, NfL values did not differ when comparing
baseline levels with follow-up levels or levels in succes-
sive visits except for a significant decrease in the SMA
2 subgroup after five nusinersen injections (T5) (Fig. le,
SMA 2/3: T1-T5 p=0.086, T1-T6 p=0.2643, T1-T7
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p=0.6523, T5-T6 p=0.6082, T6-T7 p=0.9102; SMA
2: TI-TS p=0.011, T1-T6 p=0.1934, T1-T7 p=0.5,
T5-T6 p>0.9999, T6-T7 p=0.5, SMA 3: T1-T5
p=0.9346, T1-T6 p=0.7148, T1-T7 p=0.4375, T5-T6
p=0.6257, T6-T7 p>0.9999).

Association of serum NfL with HFMSE and ALSFRS-R
in SMA patients

Serum NfL levels were negatively associated with SMA
patients’ motor performance. Spearman analysis of serum
NfL in relation to HFMSE for SMA 2/3 showed a correla-
tion at baseline (p =—0.33, p=0.0251) and after six injec-
tions with nusinersen (p = —0.5252, p =0.0084). Looking
at SMA 2 and SMA 3 separately, we saw a significant
correlation at TS and T6 (p=—-0.5959, p=0.0133 and
p=—0.8636, p=0.0024, shown as example in Fig. 1f) and
at T1 and T5 (p=-0.4085, p=0.0383 and p=—0.4949,
p=0.0163, respectively. Plotting NfL against HFMSE
however, showed that the correlation analysis results are
notably influenced by the significant number of patients
with low (> 10) HFMSE and consequently linear regres-
sion analyses failed to be significant with the exception of
significant results for SMA 2 at TS and T6 (Fig. 1f).

Correlation analysis for NfL and ALSFRS-R revealed
a significant association at T6 for SMA 2/3 (p=—0.5367,
p=0.0069) and also for SMA 2 (p=-0.6973, p=0.0301)
and SMA 3 (p=-0.5815, p=0.0317) subgroups. At base-
line, NfL correlated with ALSFRS-R for all SMA patients
and for SMA 2 (p=-0.4031, p=0.005 and p=-0.5593,
p=0.0103, respectively). At TS, higher NfL correlated
with lower ALSFRS-R scores for SMA 3 (p=-0.459,
p=0.0276). Linear regression was significant for SMA
2/3 and SMA 3 at T1 (»*=0.1551, p=0.0068 and
r?=0.1819, p=0.1819) and T6 (r*=0.1785, p=0.0397
and r*=0.3352, p=0.0301) and for SMA 2 at T1, TS5,
and T6 (r*=0.2723, p=0.0183; r>=0.2381, p=0.0469;
2 =0.5206, p=0.0185, respectively). For an example
graph, see Fig. 1g.

Dividing SMA patients according to their serum NfL lev-
els (above median, below median) and comparing HFMSE
and ALSFRS-R scores showed that higher levels of serum
NfL were associated with a worse mean performance and
vice versa (Fig. 1h).

We analyzed also whether there is an association of
changes in serum NfL and changes in the motor scores, or
whether NfL levels correlate with future change of motor
scores, and found no significant correlation. However, look-
ing at those patients who improved within the observation
period, we found that they had lower levels of serum NfL at
baseline compared to the patients who showed no increase
in motor scores (Fig. 1i).

Discussion

We investigated NfL in serum of adolescent and adult
later-onset SMA patients at baseline and during 14 months
of treatment with the ASO nusinersen using the ultrasensi-
tive single molecule array (Simoa) technology.

Serum NfL levels of SMA patients were in the low
range of controls and were relatively stable during ther-
apy with nusinersen with notable concentration changes
in single SMA patients, however, within the control range.
These results are contrary to current data on Nf in children
with SMA type 1 [14-16], but consistent with our previous
findings of Nf in CSF in adolescent and adult SMA type
2 and 3 patients. We speculated if in SMA, NfL (ratio)
might be higher in the blood than in the CSF compartment,
however, our data suggest that the performance of serum
NfL in adult and adolescent SMA type 2 and 3 patients is
similar to that of CSF NfL, although we found no correla-
tion between serum NfLL and CSF NfL levels (except for
the SMA 2 subgroup). In SMA type 1 children, extremely
high plasma pNfH levels were described with median val-
ues of 15,400 pg/ml (range 2390-50,100 pg/ml), which
are in contrast to the low serum NfL levels in adolescent
and adult type 2 and 3 SMA patients, even taking into
account, that different Nf proteins were measured in the
blood compartment ((pNfH vs NfL), longer half-life of
pNfH compared to NfL as phosphorylation leads to degra-
dation resistance [28]) and different assays (enzyme-linked
lectin assay vs Simoa) were used [16].

Higher serum NfL levels were associated with worse
motor performance of SMA patients in our study, but
changes in motor scores did not correlate with changes in
serum NfL. Contrary to these results, our previous findings
showed elevated CSF NfL (> 1000 pg/ml) at baseline in
two adult SMA type 3 patients with comparatively well-
preserved motor function [17]. However, these results do
not inevitably exclude each other, as all measured serum
NfL levels in SMA patients were within the range of con-
trols and we saw no baseline NfL value in SMA patients
above the cut-off level of 45 pg/ml, which was defined
according to Steinacker et al. [27] and Verde et al. [13] to
distinguish between elevated and non-elevated NfL levels
in serum. In addition, we also found no relation between
changes in CSF Nf levels and changes in motor scores in
our previous study [17]. Again, these findings are in con-
trast to findings in SMA type 1 children, which showed an
inverse correlation of plasma pNfH levels and markers of
disease severity (e.g., measured with the Children’s Hospi-
tal of Philadelphia Infant Test of Neuromuscular Disorders
(CHOP-Intend) [29]) [16].

Thus, we assume that performance of Nf levels seems
to differ between SMA subtypes. It is of note, that
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elevated Nf in infantile-onset SMA may to some extend
also be caused by physiological mechanism like pro-
grammed cell death and reinnervation processes during
neuromuscular maturation in early childhood [16, 30,
31]. In addition, there are currently no data of Nf levels
in patients with later-onset SMA in the early stages of
the disease. However, our data show that Nf release is
reduced in chronical stages of later-onset SMA compared
to the acute stage of infantile-onset SMA. In line with our
data, low serum NfL levels were also found in spinal and
bulbar muscular atrophy (SBMA), a genetic, adult-onset,
slow progressive LMN disease [32] and even in ALS,
NfL are lower in patients with slow disease progression
compared to patients with fast progression [33]. However,
even if later-onset SMA in adolescent and adult patients
shows a slower course of disease, progressive muscle
weakness and loss of motor function occur in all SMA
types and all ages [34]. Thus, serum NfL levels do not
seem to be a suitable diagnostic and monitoring marker
in these patients as neurodegeneration is not displayed
by altered NfL levels, and changes in motor scores dur-
ing nusinersen therapy did not correlate with changes in
NfL levels in short-term observation. Though, long-term
follow-up investigations may represent a considerable
subject for future studies to examine whether even low
levels of NfL may represent a valuable prognostic marker
in adolescent and adult SMA type 2 and 3 patients.

It is of note that we solely focused on NfL in this study,
but not on other potential biomarkers such as the SMN
protein or the SMN transcript, respectively, skeletal mus-
cle parameters, tau protein as a further marker of neuronal
loss or glial markers. Regarding treatment monitoring,
determination of full-length SMN protein and transcript
levels would be obvious; but alterations in peripheral
blood or CSF during therapy may not reflect the real
effect in the target tissues (e.g., spinal cord). Skeletal
muscle parameters e.g. creatine kinase (CK) indicating
muscle damage subsequently to neuronal loss may be
interesting regarding their therapy monitoring perfor-
mance particular in SMA type 3 patients as the highest
CK levels in SMA were detected in this patient group
[35]. Although tau is considered to be a predominantly
cortical marker, elevated concentrations in CSF were
found in SMA type 1 children [14, 15]. If this might indi-
cate that children with SMA may also suffer from cortical
neuronal damage as suggested and whether this is true for
adolescent and adult later-onset SMA patients as well,
needs further investigation. The same applies for glial
proteins such as the glial fibrillary acidic protein (GFAP)
which could provide information on whether increased
astrogliosis is associated with SMA [15].

@ Springer

Conclusion

We have to conclude that the diagnostic and monitoring
performance of serum NfL measurement seems to differ
between SMA subtypes. Unlike to SMA type 1, in adoles-
cent and adult SMA type 2 and 3 patients, neurodegenera-
tion is not reflected by increased NfL levels and short-term
therapeutic effects cannot be observed. Long-term follow-up
has to be performed to see if even low levels of NfL. might
represent valuable prognostic markers in these patients.
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