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Abstract

Objective: To investigate biomarkers of disease progression in cerebrospinal

fluid (CSF) and serum in adult patients with spinal muscular atrophy (SMA).

Furthermore, we assess the clinical response to nusinersen treatment in adults

with SMA over a longer follow-up period than the previously reported 6–
14 months. Methods: We included 16 adults with SMA type 3–4 for nusinersen

treatment over 22 months in this prospective study. We evaluated

chitotriosidase-1 (CHIT1) and chitinase-3-like protein 1 (YKL-40) as neuroin-

flammatory biomarkers in CSF, and neurofilament light chain (NfL) and heavy

chain (pNfH) as neurodegenerative markers in CSF and serum at baseline,

month 6, 14 and 22, together with a wide range of clinical outcome measures.

Results: Levels of CHIT1 increased significantly (p = 0.048) throughout the 22-

month treatment period and pNfH decreased significantly (p = 0.022) in CSF,

but both did not correlate with clinical outcome measures. YKL-40 correlated

strongly with neurofilaments in CSF (rho = 0.76) and decreased significantly

(p = 0.037) in patients with improvements in the revised upper limb module

(RULM). Finally, patients showed significant improvements in hand grip

strength, hand motor function, medical research council (MRC) sum score, and

peak expiratory flow (PEF) after 22 months of treatment. Interpretation: YKL-

40 in CSF correlated with clinical improvements during nusinersen treatment.

In contrast, CHIT1 and pNfH in CSF changed significantly during treatment

but did not correlate with clinical outcomes. Finally, we demonstrated a sus-

tained clinical effect of nusinersen treatment in adults after 22 months.

Introduction

Spinal muscular atrophy (SMA) is a rare, autosomal-

recessive neuromuscular disease, most often caused by a

homozygous deletion of the SMN1 gene.1 The resulting

lack of survival of motor neuron (SMN) protein leads to

progressive muscle weakness and often respiratory insuffi-

ciency. SMA is classified into clinical subtypes 1 through

4, according to the age of onset and achievement of

motor milestones.2 Although SMA is generally considered

as a neurodegenerative disorder, some evidence suggests

that neuroinflammation may take part to the pathology

of SMA, with microglia and astrocytes playing an impor-

tant role in motor neuron damage.3

Nusinersen is an antisense oligonucleotide (ASO)

treatment that leads to an increased SMN protein produc-

tion by the SMN2 genes and has recently been shown to

be effective in both children and adults with SMA.4–8

However, long-term data of sustained therapeutic effect

are lacking in adults with SMA as most studies are lim-

ited to 10–14 months of follow-up. Additionally, there

are currently no biomarkers in serum or cerebrospinal

fluid (CSF) that can serve as outcome measures of

disease progression and consistently correlate with thera-

peutic response in adults with SMA. Furthermore, despite

some recent advances, there are still no validated clinical

or biochemical biomarkers available that can predict

individual clinical improvement, which will become
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increasingly relevant due to the advent of more therapeu-

tic options.9–12

Chitotriosidase 1 (CHIT1) and chitinase-3-like protein 1

(YKL-40) are (neuro-)inflammatory biomarkers that are

expressed in the central nervous system by glial cells like

microglia and astrocytes.13 In amyotrophic lateral sclerosis

(ALS), another motor neuron disease, studies showed that

both CHIT1 and YKL-40 were elevated in CSF and corre-

lated with disease progression rate and a shorter sur-

vival.14,15 No such data are currently available for

individuals with SMA, except for a single recent study that

concluded that baseline CHIT1 concentrations in CSF are

elevated compared to controls and significantly increase

over 14 months of treatment with nusinersen.16

Other potentially interesting biomarkers for SMA

patients are the neurodegenerative markers neurofilament

light chain (NfL) and phosphorylated neurofilament

heavy chain (pNfH), which were also found to be elevated

in ALS and correlated with disease progression.17 A recent

study in infants with SMA type 1 showed that pNfH was

elevated in plasma and CSF, correlated with multiple

indicators of disease severity, and rapidly declined after

treatment initiation with nusinersen.18 In contrast, a few

studies measuring neurofilaments in adults with SMA

type 2 and 3 have shown contradictory results over a

short period of follow-up (6–14 months), making it diffi-

cult to interpret the relevance of these biomarkers.19–22

In this study, we evaluated both neuroinflammatory and

neurodegenerative biomarkers in CSF and serum to assess

if they could be used to measure disease progression or

even predict therapeutic response as a prognostic marker,

as well as how they correlate with each other and to clinical

outcome measures in adults with SMA. Additionally, we

investigated the effect of nusinersen treatment on a wide

range of clinical outcome measures in adults with SMA

type 3–4 over a follow-up period of 22 months.

Patients and Methods

Study design

Adults with SMA type 3–4 were included in the study

and received intrathecal nusinersen injections every

4 months, after an initial loading phase. Inclusion criteria

were a genetically confirmed 5q SMA, SMA types 3 or 4

and adult age at the time of enrollment (≥18 years). A

relative contra-indication for lumbar puncture, such as a

history of scoliosis surgery, was an exclusion criterium.

Out of 18 potential participants, two were excluded for

medical reasons. As all 16 eligible participants preferred

treatment with nusinersen, we could not include an

untreated control group in the design of this study due to

ethical reasons.

Intrathecal injection of nusinersen was performed after

collection of 5 mL of CSF by standard lumbar puncture

at each visit. In two patients with severe scoliosis, lumbar

puncture was performed under imaging control (lumbar

spine CT scan), followed by radioscopy-guided intrathecal

injection of nusinersen. CSF samples and concurrently

drawn blood samples were immediately centrifuged

(1995g for 10 min at 4°C for CSF and room temperature

for blood) and stored into aliquots of 1 mL (Nunc Cryo-

Tube Vials, Thermo scientific, 375353) at �80°C until

analysis. We measured the following clinical outcome

measures at baseline, month 6, 14, and 22: bilateral hand

grip strength, 60-point Medical Research Council (MRC)

sum score, 6-minute walk distance (6MWD), Hammer-

smith Functional Motor Scale Expanded (HFMSE),

Revised Upper Limb Module (RULM), Forced Vital

Capacity (FVC), Peak Expiratory Flow (PEF) and the

patient-reported Activity Limitations scale (ActivLim).23–29

Additionally, we calculated a 9-point sub-score of the

RULM as a measure of hand motor function out of the

following five tests: drawing a path, picking up tokens,

pushing a button light, tearing folded paper, and opening

a Ziploc container (tests C, D, G, H, and I), as described

in De Wel et al.8 The results of these outcome measures

at month 14 have been described in detail previously.8 At

each visit, a standard blood sample was taken to measure

serum creatine kinase (CK) levels.

Written informed consent was obtained from all partici-

pants and both the Ethics Committee Research UZ/KU Leu-

ven (S62874) and the Belgian Federal Agency for Medicines

and Health Products (FAGG) approved the study

(EudraCT-nr: 2019-005007-40). The study conforms with

the World Medical Association Declaration of Helsinki.

Biomarkers in serum and CSF

We measured CHIT1 and YKL-40 as markers of neuro-

inflammation in CSF, and NfL and pNfH as markers of

neuronal damage in both CSF and serum at baseline,

month 6, 14, and 22. All biomarkers were assessed at the

same time points as the clinical outcome measures.

To assess CHIT1 in CSF, we used a commercial

enzyme-linked immunosorbent assay (ELISA) (cat # CY-

8074, CircuLex, distributed by MBL International,

Woburn, MA). Samples were diluted 1:10 in dilution buf-

fer, the limit of detection (LOD) of the assay was

48.3 pg/mL and the lower limit of quantification (LLOQ)

was 56.3 pg/mL. Intra-assay coefficient of variation (CV)

of all samples was 4.6%.

CSF levels of YKL-40 were assessed with an ELISA (cat

# 8020, MicroVue, San Diego, CA; LOD: 5400 pg/mL;

LLOQ: 15600 pg/ mL), after 1:2 dilution in dilution buf-

fer. Intra-assay CV of all samples was 4.2%.
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NfL in CSF and serum samples were analyzed by

Quanterix� (Lexington, MA) and pNfH samples in

serum and CSF by BioAgilityx� (Durham, NC). NfL con-

centrations were assessed with the single-molecule array

(SiMoA�) NF-light Advantage Kit by Quanterix� (LOD:

0.038 pg/mL, LLOQ: 0.174 pg/mL), which uses anti-NfL

monoclonal antibodies produced by Uman Diagnostics

(Ume�a, Sweden). CSF samples were diluted 1:100 and

serum samples 1:4. Intra-assay CV of all samples was

5.7% and inter-assay CV was 8% (this was the only analy-

sis in which for some patients (5/16) not all samples were

tested on the same plate).

Concentrations of pNfH were assessed with Simple

Plex� enzyme-linked lectin assay (ELLA) (LOD: 1.17 pg/

mL, LLOQ: 7.47 pg/mL). Both CSF and serum samples

were each diluted 1:4. Intra-assay CV of all samples was

2.1%. CHIT1, YKL-40 and NfL measurements were per-

formed in duplicate, and pNfH was analyzed in triplicate.

Statistical analysis

We used RStudio� Desktop (Open Source License, ver-

sion 1.2.5001) for statistical analyses and creation of fig-

ures. We applied paired t-tests for comparison of clinical

outcome measures between visits at baseline and month

22, or the Wilcoxon signed-rank test if criteria for nor-

mality were not met, as assessed by the Shapiro–Wilk test.

Pearson and Spearman correlation coefficients were used

to assess the associations between biomarkers and the fol-

lowing clinical variables of interest at baseline: height,

age, sex, ambulatory status, disease duration, SMN2 copy

number, SMA type, MRC sum score, hand grip strength,

HFMSE, RULM, FVC, PEF, and ActivLim score.

Linear Mixed Models were used to analyze longitudinal

biomarker data, with time-point as a fixed effect and

patient identification as a random effect to avoid pseudo-

replication in all standard models. For each biomarker,

we created individual models with each abovementioned

variable of interest by adding them as a fixed effect. If

one of these additional variables was significant, they were

added to the final model as fixed variables. This led to

the addition of age and disease duration at baseline to the

standard mixed effect models of pNfH and NfL in CSF

and serum, as well as YKL-40 in CSF. Additionally, the

RULM score was added to the YKL-40 model, and SMA

type to the CHIT1 model. Significance level was deter-

mined at a = 0.05.

Results

Sixteen adults with SMA were included in this study. One

patient missed the 22-month visit because he experienced

a pulmonary embolism. This was reported as a serious

adverse event, without a suspected relation with nusin-

ersen treatment. One other patient was lost to follow-up

after 18 months of treatment. Thus, all results at

22 months are derived from 14/16 patients (and for MRC

sum score 13/16 patients due to missing data). Addition-

ally, because 9/16 patients were non-ambulatory in this

study, we excluded the 6MWD from statistical analysis.

Patient characteristics are detailed in Table 1. The med-

ian age at loss of ambulation was 25 years (range 10–48)
for non-ambulatory SMA 3 patients. No patients needed

non-invasive ventilation (NIV) for respiratory failure, but

three used continuous positive airway pressure (CPAP)

for obstructive sleep apnea syndrome (OSAS). None of

the patients had had scoliosis surgery, as this was a rela-

tive contra-indication to participate in this study.

Neuroinflammatory biomarkers: CHIT1 &
YKL-40

CHIT1 concentration in CSF at baseline was median

1183 pg/mL (range: 294–7083) and levels of CHIT1

increased significantly throughout the study period

(p = 0.048, +86 pg/mL/month; Fig. 1A). This increase

was observed in all 16 individual participants. There were

no significant correlations between CHIT1 concentrations

in untreated patients at baseline and a range of clinical

Table 1. Study group demographic, genetic, and clinical characteris-

tics.

Characteristics SMA patients (n = 16)

Gender

Male [n (%)] 10 (62.5%)

Female [n (%)] 6 (37.5%)

Height [cm] 172.5 (range: 148–187)

Weight [kg] 63.5 (range: 45–82)

BMI [kg/m2] 22.7 (range: 16–35)

SMA type [n (%)]

3 14 (87.5%)

4 2 (12.5%)

*SMN2 copy number [n (%)]

3 13 (81.3%)

4 2 (12.5%)

5 1 (6.3%)

Age at symptom onset [y] 6.5 (range: 1–30)

Disease duration [y] 30.5 (range: 8–60)

Age at study inclusion [y] 37.5 (range: 22–66)

Functional motor state

Ambulatory 7 (43.7%)

Non-ambulatory 9 (56.3%)

Values shown as n (%) or median (range). *SMN2 quantification was

done by quantitative polymerase chain reaction (qPCR) in eight

patients, and by Multiplex Ligation Probe Amplification (MLPA) in the

other eight patients. BMI, body mass index; SMA, spinal muscular

atrophy; SMN2, survival of motor neuron 2 gene.
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Figure 1. Evolution of CSF and serum biomarkers over 22 months of nusinersen treatment in adults with SMA. All figures have a log10

transformed y-axis, with values from the measurement range of each specific biomarker added on the y-axis for optimal readability. Each patient

is represented by an individual colored line. For 2/16 patients, biomarker measurements at month 22 were not available. (A) CHIT1 concentrations

increase significantly over 22 months of treatment with nusinersen. (B) YKL-40 levels decline during the study, but this change is not significant.

(C and D) pNfH in CSF decreases significantly throughout the study, but pNfH levels in serum remain unchanged. For one patient, serum pNfH

levels were unmeasurable low. (E and F) Both NfL in CSF and in serum show decreasing trends that are not significant. *Denotes a significant

p-value. Abbreviations: CHIT1, chitotriosidase-1; YKL-40, chitinase-3-like protein 1; CSF, cerebrospinal fluid; pNfH, phosphorylated neurofilament

heavy chain; NfL, neurofilament light chain.
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characteristic including height, age, sex, ambulatory sta-

tus, disease duration, SMN2 copy number, SMA type,

MRC sum score, hand grip strength, HFMSE, RULM,

FVC, PEF, and ActivLim score. Additionally, none of

these variables were associated with the significant

increase in CHIT1 levels during the 22 months of treat-

ment, except for the SMA type, as SMA type 4 patients

experienced a faster increase in CHIT1 than SMA type 3

patients (p = 0.035).

YKL-40 concentrations in CSF showed a decreasing

trend during treatment with nusinersen but this was not

significant (p = 0.275; Fig. 1B). However, an improve-

ment in the RULM score was significantly associated with

a decrease in YKL-40 concentrations during the treatment

period (p = 0.037, �1887 pg/mL per 1-point increase in

RULM score, Fig. 2). The median YKL-40 concentration

in untreated patients at baseline was 120,978 pg/mL

(range: 45,638–307,828) and correlated strongly with age

(rho = 0.76, p < 0.01; Fig. 3). A moderate correlation

with disease duration was also found, but this became

insignificant after the age of patients was taken into

account.

Neurodegenerative biomarkers: pNfH & NfL

Concentrations of pNfH in CSF declined significantly

during treatment with nusinersen (p = 0.022, �2.3 pg/

mL/month), whereas pNfH concentrations in serum did

not change from baseline (p = 0.943; Fig. 1C and D).

Baseline pNfH concentration was median 419 pg/mL

(range: 124–1574) in CSF, and median 275 pg/mL (range:

91–763) in serum. For one patient, serum pNfH concen-

trations were unmeasurable low and samples were retested

in a 1:2 dilution but remained below the limit of quantifi-

cation. Baseline median NfL was 283 pg/mL (range: 153–
1216) in CSF, and 8 pg/mL (range: 5–28) in serum, and

both showed a decreasing trend under treatment with

nusinersen that was not significant (p = 0.255 and

p = 0.111, respectively; Fig. 1E and F). For both pNfH

and NfL in CSF and serum none of the variables of inter-

est mentioned in the previous section were significantly

associated with the evolution of these biomarkers during

treatment with nusinersen. Baseline pNfH levels did cor-

relate with age in both CSF (rho = 0.59, p = 0.016) and

serum (r = 0.69, p = 0.004; Fig. 3). Levels of pNfH in

serum also correlated with disease duration at baseline

(r = 0.59, p = 0.012). For NfL, baseline levels in CSF cor-

related positively with age (rho = 0.66, p = 0.006; Fig. 3)

and disease duration (rho = 0.50, p = 0.047), and inver-

sely with patients’ MRC sum scores (rho = �0.56,

p = 0.031), with lower muscle strength scores associated

with higher NfL CSF concentrations.

Because some patients experienced a rapid decrease in

neurofilament levels during the loading phase (Fig. 1C–F),
we performed a specific post hoc analysis of the evolution

of neurofilaments between baseline and month 6. For this

Figure 2. Association between decrease in

YKL-40 CSF levels and improvements in

RULM score during treatment with

nusinersen. YKL-40 levels decreased more

in patients showing improvements in the

RULM score during treatment with

nusinersen. The gray zone surrounding the

regression line represents the confidence

interval. Abbreviations: YKL-40, chitinase-3-

like protein 1; CSF, cerebrospinal fluid;

RULM, Revised Upper Limb Module.
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purpose, we analyzed CSF and serum samples at baseline,

2, 4, 8 weeks and 6 months. This analysis did not show

different results compared to the changes observed over

22 months of treatment, with only pNfH in CSF decreas-

ing significantly (p = 0.010). Next, we evaluated if a rele-

vant decrease in neurofilaments (defined as >29 the

intra-assay CV%, as 95% of data lie within 29 standard

deviation (SD) from the mean) in the first 6 months of

nusinersen treatment was a prognostic indicator of

improvements in clinical outcome measures after 6, 14 or

22 months of treatment. However, no association between

early neurofilament decreases and early or long-term clin-

ical effects of nusinersen was observed.

Correlations between the different
biomarkers in CSF and serum

The correlations between the four biomarkers in CSF of

untreated patients with SMA at baseline are shown in Fig-

ure 4. We observed a strong correlation at baseline

between the neurodegenerative biomarkers pNfH and NfL

in CSF. In contrast, there was no significant correlation

between the neuroinflammatory biomarkers CHIT1 and

YKL-40 in CSF at baseline. YKL-40 significantly correlated

with both pNfH and NfL levels in CSF at baseline, but

CHIT1 did not.

Finally, there was no correlation between the increase

in CHIT1 levels and the decrease in pNfH levels through-

out the 22 months of treatment in the patients with

SMA.

In serum, we observed a moderately strong correlation

at baseline between pNfH and NfL (rho = 0.57,

p = 0.029). Baseline pNfH levels in serum also correlated

with pNfH levels in CSF (rho = 0.62, p = 0.013), but this

was not the case for NfL levels in serum and CSF

(rho = 0.47, p = 0.070).

Clinical outcome measures after 22 months
of nusinersen treatment

Hand grip strength significantly improved on average by

54% (p = 0.002) and 50% (p = 0.010) in the right and

Figure 3. Correlation of biomarkers in CSF and serum with age in untreated adults with SMA at baseline. All biomarkers, except for CHIT1 in

CSF and NfL in serum, significantly correlated with age, meaning that higher levels were observed with increasing age: YKL-40 (rho = 0.76,

p < 0.001), pNfH CSF (rho = 0.59, p = 0.016), pNfH serum (r = 0.71, p = 0.002), NfL CSF (rho = 0.66, p = 0.006), NfL serum (rho = 0.43,

p = 0.099) and CHIT1 (rho = 0.28, p = 0.288). Abbreviations: CHIT1, chitotriosidase-1; YKL-40, chitinase-3-like protein 1; CSF, cerebrospinal fluid;

pNfH, phosphorylated neurofilament heavy chain; NfL, neurofilament light chain.
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left hand at month 22 compared to baseline, respectively

(Table 2). Additionally, we noted significant improve-

ments in the 60-point MRC sum score (+7%, p = 0.039)

and PEF (+6%, p = 0.011) at month 22 compared to

baseline. The RULM hand score, a 9-point subscore of

the RULM pertaining to hand motor function, also

improved significantly at month 22 compared to baseline

(+8%, p = 0.027). This increase in hand motor function

was significantly associated with the measured increase in

hand grip strength over 22 months (p = 0.022). We did

not observe further significant improvements in these

outcome measures at month 22 when compared to

month 14 evaluations instead of baseline.

The classic RULM, HFMSE, FVC and the patient-

reported ActivLim score all showed improvements at

month 22 compared to baseline that was not significant.

Serum CK levels remained stable over 22 months of

nusinersen treatment (p = 0.218).

We could not detect a difference in clinical improve-

ment based on sex, although both FVC and PEF were

higher at baseline in males (p = 0.002 and 0.035, respec-

tively). When evaluating the ambulatory and non-

ambulatory subgroups separately, we found that ambula-

tory patients only improved in hand grip strength and

PEF, and non-ambulatory patients only improved in

MRC sum score.

Discussion

We showed that during treatment with nusinersen a

decrease in YKL-40 CSF levels was associated with

improvements in the RULM score. The neuroinflamma-

tory biomarker CHIT1 increased and pNfH decreased sig-

nificantly in CSF over 22 months of follow-up, but this

did not correlate with clinical outcome measures. Fur-

thermore, we observed a strong correlation between YKL-

40, pNfH, and NfL in CSF of untreated patients at base-

line. The neurofilament decreases in some individuals in

the first 6 months after treatment initiation were not pre-

dictive of early or late clinical improvements. Finally, this

study demonstrated the prolonged therapeutic effect of

nusinersen treatment in adults with SMA 3–4, as evi-

denced by a sustained significant improvement of hand

grip strength, hand motor function, MRC sum score, and

PEF after 22 months of treatment.

CHIT1 levels increase significantly during
treatment, but do not correlate with clinical
outcome

CHIT1 concentrations in CSF increased significantly

throughout the 22-month treatment period in all 16 indi-

vidual participants. However, because CHIT1 is a

Figure 4. Correlogram of biomarkers in

CSF of untreated adults with SMA at

baseline. The correlogram shows the

spearman’s rho correlation coefficient and

accompanying p-values between all four

biomarkers in CSF of untreated adults with

SMA at baseline. We observed a strong

correlation between YKL-40 and

neurofilaments in CSF, as well as between

the neurofilaments in CSF. CHIT1 did not

correlate with any of the other biomarkers.

*Denotes a significant p-value.

Abbreviations: CHIT1, chitotriosidase-1;

YKL-40, chitinase-3-like protein 1; CSF,

cerebrospinal fluid; pNfH, phosphorylated

neurofilament heavy chain; NfL,

neurofilament light chain.
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microglial marker, and microglial activity decreases in

SMA mice treated with SMN enhancing ASOs, we would

have expected a decrease in CHIT1 levels, just as we saw

a decreasing trend for YKL-40 following nusinersen treat-

ment in the SMA patient group, rather than an increase.30

The increase in CHIT1 is thus probably not related to a

therapeutic effect but might be caused by the repeated

intrathecal administrations of an ASO leading to a mild

inflammatory response, as suggested by Freigang et al.

(and supported by increased total protein levels in multi-

ple studies).16,31,32 After completion of the study, we ana-

lyzed CSF samples of 11/16 patients at month 30 of the

treatment period, and found that four patients showed

increased protein levels of which three had the highest

CHIT1 levels in the study. No patients showed a pleocy-

tosis. A connection with the recently discovered “nusino-

phages” (macrophages with unidentified inclusions that

are only found in CSF of nusinersen-treated patients) is

possible and should be investigated in the future, as well

as what can be expected of the natural evolution of

CHIT1 in untreated adults with SMA.33 Nevertheless,

considering that CHIT1 did not correlate with any clinical

outcome measures, either during treatment with nusin-

ersen or at baseline, we conclude that it does not appear

to be a relevant outcome measure to assess therapeutic

efficacy.

Interestingly, the correlation between CHIT1 and YKL-

40 in untreated patients at baseline just failed to reach

significance, despite the fact that both are expressed by

glial cells that are known to play a role in neuroinflam-

mation in SMA.3 However, this could simply be due to

the sample size of the study. The observed faster increase

in CHIT1 in SMA type 4 (n = 2) versus type 3 (n = 14)

patients might have a similar explanation.

Lastly, we did not evaluate patients for the presence of

a common gene polymorphism that leads to a CHIT1

enzyme deficiency, but as none of the patients had CHIT1

values below the LLOQ, and CHIT1 levels increased in

every patient during the study, this probably did not have

a meaningful impact on our findings.34

The association between clinical improvements in the

RULM score and decreasing levels of YKL-40 suggests

that this neuroinflammatory biomarker could play a role

in the follow-up of adult SMA patients treated with

nusinersen. Furthermore, it could be hypothesized that

the non-significant decrease in YKL-40 over time is an

effect of nusinersen treatment, as normally concentrations

increase significantly during the aging process. Indeed,

YKL-40 strongly correlated with age in untreated patients

at baseline in this study, which is in line with observa-

tions in other neurological diseases.35 However, due to

the lack of an untreated control group (which would pose

an ethical dilemma), this could not be evaluated in this

study. This is the first study to assess YKL-40 in adult

SMA patients, and even though the role of this biomarker

has not yet been fully elucidated, our findings warrant

further research in a larger group of patients.

In contrast with neurofilaments, we only measured

CHIT1 and YKL-40 in CSF and not in serum, because

both biomarkers are highly susceptible to change in

serum due to a myriad of non-neurological diseases such

as atherosclerosis, diabetes mellitus, asthma, infectious

and inflammatory diseases, and various types of cancers,

among others.34,36 It is very difficult to correct for all

these different factors, which makes these (neuro-)

inflammatory markers in serum less interesting as poten-

tial biomarkers of disease progression, as opposed to in

CSF.

Neurofilament heavy chain levels decrease
significantly in nusinersen-treated adult
SMA patients

Only pNfH in CSF declined significantly during the treat-

ment period, but this did not correlate with clinical

improvements. Nevertheless, this decrease is probably a

therapeutic effect of nusinersen treatment, as we know

from ALS studies that pNfH levels in CSF remain stable

in untreated patients and even increase in serum in early

stages of that disease.17,37 NfL in CSF correlated with one

marker of disease severity at baseline (MRC sum score)

but did not change significantly during treatment or cor-

relate with clinical improvements. We also showed that

early decreases of neurofilament levels in CSF or serum of

Table 2. Clinical outcome measures at baseline and after 22 months

of nusinersen treatment.

Outcome measures

Baseline
22-month analysis

Mean � SD Mean � SD p-values

Hand grip strength (right)

[Kg]

6.94 � 8.84 10.70 � 9.54 0.002

Hand grip strength (left)

[Kg]

6.25 � 9.31 9.36 � 11.4 0.010

MRC sum score 36.9 � 10.3 39.5 � 8.96 0.039

HFMSE [score] 27.3 � 19.8 28.1 � 20.8 0.916

RULM [score] 27.1 � 8.10 27.8 � 9.45 0.262

RULM hand score 7.44 � 2.1 8.07 � 1.62 0.027

FVC [L] 4.03 � 1.16 4.17 � 1.32 0.087

PEF [L/sec] 7.19 � 1.91 7.60 � 2.05 0.011

ActivLim [logits] �1.80 � 2.68 �1.28 � 2.77 0.094

p-values in bold are significant at a = 0.05. SD, standard deviation;

MRC, medical research council; HFMSE, Hammersmith Functional

Motor Scale Expanded; RULM, Revised Upper Limb Module; FVC,

Forced Vital Capacity; PEF, Peak Expiratory Flow; ActivLim, Activity

Limitations scale.
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individual patients with SMA were not predictive of

improvements in clinical outcome measures after 6, 14 or

22 months of treatment. These results indicate that neu-

rofilaments are probably not relevant outcome measures

for disease progression in adults with SMA, as opposed to

in infants with SMA type 1 or other neurological diseases

such as ALS.18 One possible explanation is that both SMA

type 1, and ALS are considerably more rapidly progress-

ing diseases with more fulminant neuronal damage.

Another reason could be that nusinersen treatment in

adults produces an overall stabilization, as opposed to

more pronounced improvements in infants. Elevation of

pNfH levels and subsequent decline after nusinersen treat-

ment initiation in infants with SMA in the NURTURE

trial were also most pronounced in those with 2 SMN2

copies rather than three copies, such as most patients in

the present study had.38

Finally, the finding that NfL in CSF was not correlated

to NfL in serum is surprising, especially considering CSF

and serum levels of pNfH did correlate.

Nusinersen leads to further clinical
improvements after 22 months of
treatment

We observed a further improvement in hand grip strength,

hand motor function, MRC sum score, and PEF after

22 months of treatment with nusinersen, thus providing

evidence for a sustained therapeutic effect beyond previous

reports at 6, 10, or 14 months.6–8 We previously showed

that even the sometimes small numeric increases in the

outcome measures observed here can be clinically relevant

to patients.8 The continuous improvement in PEF became

significant at the 22-month evaluation compared to base-

line, which suggests that spirometry should be included in

the follow-up of nusinersen-treated patients with SMA. In

contrast, previous reports have suggested the opposite,

based on the fact that natural history studies did not show

a further deterioration of pulmonary function in untreated

adult patients, and two studies reported only transient

early increases in pulmonary function with nusin-

ersen.7,8,39 Interestingly, even though both PEF and FVC

showed numeric improvements compared to baseline,

only PEF improved significantly. This is not an incongru-

ous finding, as these tests measure different aspects of res-

piration. Indeed, previous research has shown that

measures of expiratory muscle strength (such as PEF) cor-

relate with increased muscle size in a pulmonary rehabili-

tation program, whereas volume measures of pulmonary

function (such as FVC) do not.40

The main limitations of this study are the rather small

sample size and the lack of an untreated control group as

explained above. Comparison of subgroups of patients

was therefore purely exploratory. Furthermore, consider-

ing that SMA is generally slowly progressive in adults, a

longer follow-up period than 22 months could be neces-

sary to detect significant changes in biomarkers and/or

clinical outcome measures. Nevertheless, we feel that these

results offer important insights that should be explored in

further studies.

We conclude that YKL-40 in CSF correlated with clini-

cal improvements during treatment and warrants further

research. Concentrations of CHIT1 and pNfH in CSF

changed significantly during nusinersen treatment but did

not correlate with clinical outcome, at least for the study

duration of 22 months. An early decline of neurofila-

ments in CSF or serum after treatment initiation was not

predictive of early or late clinical improvements. Finally,

adults with SMA 3–4 treated with nusinersen showed an

overall clinical stabilization as well as improvements in

hand grip strength, hand motor function, MRC sum

score, and PEF after 22 months.
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