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Abstract

Background: Spinal muscular atrophy (SMA) and amyotrophic lateral sclerosis (ALS)

were two major motor neuron diseases with similar symptoms and poor outcomes.

This studyaimed to identify potential biomarkers indiseasemonitoring anddifferential

diagnosis of adult SMA patients with sporadic ALS patients.

Methods: This was a pilot studywith ten adult SMA patients and ten ALS patients con-

secutively enrolledduringhospitalization. Serumandcerebrospinal fluid (CSF) samples

were collected for assessment of neurofilament light (NFL) and phosphorylated neuro-

filament heavy chain (pNFH). Serum creatine kinase (CK) and creatinine (Cr) were also

compared between groups. The receiver operating characteristic (ROC) curves were

used to identify differentiated values among ALS and SMA patients.

Results: Serum Cr, CSF NFL, and CSF pNFH levels of ALS patients were significantly

higher than those of the adult SMA patients (p < .01). Serum CK and Cr were strongly

correlated with baseline ALSFRS-R scores in SMA patients (p< .001). The ROC curves

revealed an area under the curve (AUC) of 0.94 in serum Cr with a cut-off value of

44.5 µmol/L (Sensitivity 90%, Specificity 90%). AUC from the ROC curve of CSF NFL

and CSF pNFHwere 1.0 and 0.84, with cut-off values of 1275 pg/mL and 0.395 ng/mL,

respectively (Sensitivity and Specificity of 100% and 100% in CSF NFL; Sensitivity and

Specificity of 90% and 80% in CSF pNFH).

Conclusion: CSF NFL and pNFH might be useful biomarkers for differential diagnosis

of adult SMA and ALS.
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1 BACKGROUND

Motor neuron diseases represent a group of specific disorderswith the

involvement of upper and/or lower motor neurons, resulting in mus-

cle weakness and atrophy (Foster & Salajegheh, 2019). Amyotrophic

lateral sclerosis (ALS) is the most common motor neuron disease

with unknown etiology and limited treatment options (Oskarsson

et al., 2018). Most ALS patients presented with gradually progressed

symptoms and eventually died from respiratory failure in 3–5 years

(Oskarsson et al., 2018). Similarly, other motor neuron diseases such

as spinobulbar muscular atrophy (SBMA) and spinal muscular atro-

phy (SMA), also progressively developed dysarthria and limbweakness

without efficient therapeutic methods clinically for a long time (Arnold

&Merry, 2019; Ross & Kwon, 2019). With the development of medical

technology, new and promising treatments for motor neuron dis-

eases emerged, such as the most representative disease-modifying

therapy in SMA patients (Mercuri et al., 2020). Although several

disease-modifying treatments including nusinersen and onasemno-

gene abeparvovec have been therapeutically validated in multiple

clinical studies, early diagnosis and treatment are critical to thera-

peutic efficacy in SMA patients (Schorling et al., 2020). The diagnosis

of SMA in patients with symptom onset in childhood or adolescence

may be easy to identify, but it is more confusing for late-onset SMA

patients, especially when compared with sporadic ALS patients with

symptomsof predominant involvement of lowermotor neurons.Useful

and reliable biomarkers for early diagnosis and therapeutic monitoring

of SMA have recently gainedwide attention andwere studied bymany

researchers.

Given the pathological degeneration of motor neurons in motor

neurondiseases, disruption and release of cytoskeleton structuresmay

provide specific biomarkers for early diagnosis and diseasemonitoring.

Neurofilament proteins are the major component of neurons with cru-

cial functions in maintaining structure, signaling and transcription, and

axonal transport (Didonna & Opal, 2019; Yuan et al., 2017). Previous

studies have explored the role of neurofilaments (NFs) in neurological

disorders including Alzheimer’s disease (de Wolf et al., 2020), Parkin-

son’s disease (Mollenhauer et al., 2020), and multiple sclerosis (Kuhle

et al., 2019), and found its correlation with disease severity and pro-

gression. Thus, this pilot study aimed to address the potential role of

NFs in the evaluation of disease severity in motor neuron diseases,

and investigate the diagnostic utility of neurofilament in distinguish-

ing SMA patients from ALS patients, which might give clues about the

pathological features that the two disease share.

2 METHODS

2.1 Participants

This is a pilot study consecutively enrolled patients hospitalized in the

Peking Union Medical College Hospital from October 2019 to April

2022. Diagnosis of SMA was performed according to the genetic diag-

nostic criteria of homozygous or hemizygous deletion in exon 7 or/and

exon 8 of the SMN1 gene. The ALS patients fulfilled the revised El Esco-

rial criteria of clinically definite, probable, or laboratory-supported

probable ALS with predominant involvement of lower motor neurons.

The involvement of uppermotor neurons (total scores ofUMNwere0–

16) wasmeasured by clinical signs including increased or clonic tendon

reflexes, spasticity, loss of superficial abdominal reflexes, pseudobul-

bar features, clonic jaw jerk gag reflex, exaggerated snout reflex, forced

yawning, Hoffmann reflex and extensor plantar response. All partici-

pants were older than 18 years and completed the lumbar puncture

during hospitalization. This study was approved by the ethics commit-

tees of Clinical Research of Peking Union Medical College Hospital

(Beijing, China), and all participants provided informed consent.

Demographic and clinical features were collected from all partici-

pants. The revised ALS Function Rating Scale (ALSFRS-R) was used to

evaluate the neurological function of patients. The disease progression

rate (DPR) was the monthly decline rate of ALSFRS-R scores. Pul-

monary function was measured in all SMA patients, and the results of

forced vital capacity (FVC)were recorded at enrollment. Concurrently,

serum creatine kinase (CK) and creatinine (Cr) were measured at the

laboratory departments of Peking Union Medical College Hospital by

the enzymaticmethod, aswell as the routine CSF parameters including

white cell count (WBC) and total protein.

2.2 Sample collection and measurement

Blood and CSF samples were collected during the first admission.

Serum aliquots were obtained after being centrifuged (3000 × g for

10 min) of within 2 h of blood collection, which were stored with CSF

samples at −80◦C for further analysis. Additionally, serum samples

were taken from ten healthy volunteers for comparison of biomark-

ers. Serum neurofilament light (NFL) concentrations were analyzed

by single molecular array (AstraBio, Suzhou, China) assay and the

fully automated instrument AST-DX90 Analyzer (AstraBio, Suzhou,

China) following the manufacturer’s instructions. The mean interas-

say and intraassay CV were both less than 10%. We measured the

concentrationsofNFL inCSFusing the commercially available enzyme-

linked immunosorbent assay (ELISA) kits (IBL, Hamburg, Germany),

and the mean intraassay coefficient of variation (CV) was less than

20%. For measurements of phosphorylated neurofilament heavy chain

(pNFH) concentrations, another ELISA kit (EUROIMMUN AG, Lübeck,

Germany)was usedwith an intraassay of less than 5%.All themeasure-

ments were performed by research assistants whowere blinded to the

diagnosis and clinical data.

2.3 Statistical analysis

Statistics were carried out using SPSS 22.0, and graphs were drawn

with Graphpad Prism 7. Values of NFL and pNFH that are below the

lower limit of detection (LLOD) were approximated to the lowest con-

centration of detection (0.01 pg/mL of NFL, 0.01 ng/mL of pNFH), and

those that exceed the higher limit of measurement were
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TABLE 1 The demographic, clinical and laboratory characteristics of SMA, ALS, and control

SMA

(n= 10)

ALS

(n= 10)

Control

(n= 10) pValue p’ Value P” Value

Age (years) 26.80± 6.37 50.00± 11.32 46.40± 11.18 <.001 <.001 .483

Sex (male) 8(80%) 6 (60%) 7 (70%) .329 .606 .639

Disease duration (months) 275.0 (138.0, 343.3) 14.0 (7.0, 29.0) <.001

ALSFRS-R 32.60± 10.28 38.40± 5.97 .144

DPR 0.06 (0.03, 0.09) 0.47 (0.16, 1.93) <.001

Laboratory parameters

SerumCK (U/L) 91.0 (55.3, 811.0) 257.0 (110.3, 329.3) .266

SerumCr (µmol/L) 22.5 (11.0, 36.5) 56.50 (45.75, 67.75) .001

SerumNFL (pg/mL) 8.19 (4.03, 30.18) 22.44 (12.50, 32.72) 2.35 (0.23, 6.49) .193 .092 .001

Serum pNFH (ng/mL) 0.01 (0.01, 0.09) 0.01 (0.01, 0.07) 0.01 (0.01, 0.01) .803 .059 .031

CSFWBC 0.5 (0, 2.5) 2.0 (0.8, 2.5) .251

CSF Pro (g/L) 0.32 (0.24, 0.44) 0.42 (0.38, 0.69) .086

CSFNFL (pg/mL) 596.97 (395.26, 699.70) 6582.05 (2657.83, 10000.00) <.001

CSF pNFH (ng/mL) 0.20 (0.18, 0.24) 2.07 (0.46, 3.75) .009

Note: Continuous data are given as mean ± SD or median (IQR) as appropriate. p represent the value of comparison between ALS and SMA; p’ represent the
value of comparison between SMA and normal control; “p” represent the value of comparison between ALS and normal control.P-value<0.0 is shown in bold.
ALSFRS-R, revisedALS functional rating scale; DPR, disease progression rate; CK, creatine kinase; Cr, creatinine; CSF, cerebrospinal fluid;NFL, neurofilament

light chain; pNFH, phosphorylated neurofilament heavy chain.

approximated to the highest concentration of detection (10,000

pg/mL of NFL, 10 ng/mL of pNFH). Numerical variables are expressed

as mean ± standard deviation or median (interquartile range), which

were compared with two-tailed t-tests or Mann–Whitney test. Cat-

egorical variables were described as numbers and percentages and

were compared with Pearson’s chi-squared test in groups. Pearson’s

chi-squared test was used for proportion values. Group comparisons

of CK, Cr, NFL, pNFH, and CSF routine parameters at baseline were

performed with the Mann–Whitney test or Kruskal–Wallis H test.

Group comparisons of ALSFRS-R scores were performed with Stu-

dent’s t-test. Correlations between variables were assessed with

nonparametric Spearman’s correlation analyses. Diagnostic values of

serum and CSF parameters between SMA patients and ALS patients

were visualized by receiver operating characteristic (ROC) curves,

and the optimal cut-off was calculated by the highest Youden Index. p

Values< .05 were considered significant.

3 RESULTS

3.1 Clinical characteristics

A total of 20 patients completed the study. Table 1 summarizes the

demographic characteristics, clinical features, and laboratory data of

SMA patients, ALS patients, and normal controls. Eight male and two

female patients diagnosed with SMA were enrolled in this study with

copies of the SMN2 gene ranging from 2 to 4; of those, two were

SMA type 2 and eight were SMA type 3. The mean age during hos-

pitalization was 26.80 ± 6.37 years old (ranging from 18 to 38 years

old) in SMA patients, which was significantly younger than patients

with ALS and normal controls (p < .001). The median disease duration

from disease onset to sampling was 14 months (IQR: 7–29 months) in

ALS patients, which was significantly lower than disease duration in

SMA patitents (p < .001). Only one patient with ALS had bulbar onset,

while all patients had spinal involvement. The mean UMN scores were

5.9 points in ALS patients. No significant difference in sex was found

between SMApatients, ALS patients, and normal controls.Motor func-

tions evaluated by ALSFRS-R were not significantly different between

SMA patients and ALS patients (p> .05). However, the DPRwas signif-

icantly higher in ALS patients than in SMA patients (p< .001). The FVC

was lower than 80% in seven patients with SMA, and the median FVC

was 56.95% (IQR: 36.93-85.68%).

3.2 Relationship between biomarkers with clinical
features

The age at enrollment was not correlated with ALSFRS-R scores or

any laboratory parameters in SMA and ALS patients, but the onset age

was positively correlated with the CK and Cr levels in SMA patients

and CSF total protein in ALS patients (p < .05, Supplementary Tables

S1 and S2). The ALSFRS-R scores were also strongly correlated with

the serum levels of CK and Cr in SMA patients (p < .001, r = 0.927;

p < .001, r = 0.924, respectively), while significant correlation of

ALSFRS-R scores in ALS patients was only foundwith serumpNFH lev-

els (p= .015, r=−0.735). The rate of disease progressionwas inversely

correlated with Cr levels in SMA patients, while no significant corre-

lation between DPR and biomarkers was found in ALS patients. For
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the pulmonary function in SMA patients (Supplementary Table S1), we

found FVC was positively correlated with onset age and ALSFRS-R

scores (p< .01), and inversely correlatedwith DPR (p< .01).Moreover,

the CK and Cr levels were also positively correlated with FVC in SMA

patients.

For the correlation between different laboratory parameters (Sup-

plementary Table S2), we found theNFL levels inCSFwere significantly

correlated with pNFH levels in CSF among ALS patients (p = .005,

r= 0.804), while no correlationwas found betweenNFL and pNFH lev-

els in serum (p > .05). We also did not find a correlation between NFL

and pNFH levels both in serum and CSF among SMA patients (p> .05).

In addition, the NFL levels in serumwere strongly correlated with NFL

levels in CSF among ALS patients (p = .006, r = 0.791). However, no

correlation between NFL levels in serum and CSF was found in SMA

patients (p> .05).

3.3 Comparisons of laboratory parameters

Wecompared laboratory parameters among different groups (Table 1).

The serumCr levelswere significantly higher inALSpatients than those

in SMA patients (p < .001), while no significant difference in serum CK

levels was found betweenALS patients and SMApatients (p> .05). The

serum NFL and pNFH levels in ALS patients were significantly higher

than those in normal controls (p< .05, Figure1AandB).However, there

was no significant difference in serum NFL and pNFH levels between

the SMA and controls, as well as between SMA and ALS patients

(Figure 1A and B). It should be noted that the value of pNFHwas lower

than LLOD in all the controls (n = 10) and most patients (ALS: n = 6;

SMA: n = 4), and those values below the LLOD were approximated to

the lowest concentration of detection (0.01 ng/mL).

For all CSF samples from patients and controls,WBCwaswithin the

normal range (0–8) and did not differ in groups (Table 1). CSF total pro-

tein was slightly higher in ALS patients than in SMA patients (p= .086).

Both CSF NFL and pNFH levels were significantly different between

SMA patients and ALS patients (p < .01). The CSF levels of NFL in ALS

patients were significantly higher than in SMA patients (p < .001), and

similarly, the CSF pNFH levels in ALS patients were significantly higher

than in SMA patients (p< .01).

Then, we tested whether these biomarkers could differentiate SMA

patients from ALS patients using the ROC curves. Serum Cr showed

a significant value of differentiating SMA patients from ALS patients

and the cut-off value was > 44.5 µmol/L (Sensitivity = 90%, Speci-

ficity= 90%, AUC= 0.94, p< .001, Figure 1C), while serum CK did not

(Figure 1D). Serum NFL and pNFH also did not show significant value

in the differential diagnosis of SMA and ALS patients. The AUC of CSF

NFLwas 1with a cut-off value of< 1275 pg/mL in the differential diag-

nosis of two groups (Sensitivity = 100%, Specificity = 100%, p < .001,

Figure 1E). We also observed that CSF pNFH < 0.395 ng/mL could dif-

ferentiate SMA patients from ALS patients with 90% sensitivity and

80% specificity (AUC= 0.84, p= .01, Figure 1F).

4 DISCUSSION

Traditionally, SMA and ALS are two distinct motoneuron diseases

with progressive symptoms and severe disability. With the emergence

of gene therapies, SMA patients achieve promising improvements in

motor function and lifespan (Panagiotou et al., 2022; Waldrop et al.,

2020). Moreover, early diagnosis and treatment are critical to thera-

peutic efficacy in SMA patients (Kong et al., 2021). In clinical practice,

however, it is often difficult to distinguish adult SMA patients and ALS

patients with the predominant involvement of lower motor neurons

by clinical symptoms or electromyography. This pilot study compared

the levels of NFs between SMA and ALS patients, and found signifi-

cantly lower CSF levels of NFL and pNFH in SMA patients than in ALS

patients, indicating the potential diagnostic value of NFs in motoneu-

ron diseases. The distinct differences in NFs levels may result from

different pathology and patterns of motor neuron degeneration. The

main pathogenesis mechanisms of SMA were reduced levels of the

survival of motor neuron (SMN) protein resulting from mutation of

the SMN1 gene, which was essential for the maintenance of cellular

homeostasis in motor neurons (Lefebvre & Sarret, 2020). It has been

suggested that SMN protein would be located in the dendrites and

axons of motor neurons during development and played an essential

role in correct axonal growth (Chaytow et al., 2018). Thus, SMN pro-

tein deficiency leads todisruptionof normal cytoskeletondevelopment

resulting in shorter axons in SMA patients, which may partly explain

the lower NFs levels in SMA patients than in ALS patients. Moreover,

the timepoints and disease duration of neuromuscular disruption and

motor neuron death were different in the two diseases (Comley et al.,

2016; Nash et al., 2016). Autopsy and animal studies identified active

degeneration of motor neuron axons that began during embryogene-

sis and kept progressing in infancy in SMA (Kong et al., 2021), which

were different from ALS with symptoms that occurred later for some

unknown reason.

Inconsistent with results from the CSF cohort, serum NFL and

pNFHwere not significantly different among SMA and ALS patients in

this pilot study. Moreover, we found a significant association between

serum andCSF levels of NFL in ALS patients, which is in linewith previ-

ous reports (Benatar et al., 2020), but a similar association did not show

in SMA patients. Wurster et al. (2020) also did not find a relationship

between serum and CSF NFL levels in a cohort of adolescent and adult

SMA patients. In another study performed by De Wel et al. (2022),

serumNFLwasnot correlatedwithCSFNFLwhereas serumpNFHwas

correlated with CSF pNFH in adult SMA patients. However, studies on

children with SMA suggested that NFL levels in serum were strongly

correlatedwithNFL levels in CSF (Nitz et al., 2021). The possible expla-

nation for these controversial findings could be the different extents

of blood-brain barrier dysfunction in SMA patients with various types

and duration. It is also likely that the circulating clearance of NFL prob-

ably differs in different ages of patients and also differs from clearance

of pNFH. Further studies are needed to identify the possible value of

serumNFL and pNFH in diagnosis and distinguishing SMA fromALS.
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F IGURE 1 Comparisons of serum levels of NFL and pNFH, and receiver operating curves (ROC) for classifying SMA and ALS. Serum levels of
NFL (a) and pNFH (b) were compared between SMA patients, ALS patients, and normal controls. ROC curves of Cr (c), CK (d), CSFNFL (e), and CSF
pNFH (f) were generated for discriminating between SMA and ALS patients. *p< .05, **p< .01. CK, creatine kinase; Cr, creatinine; CSF,
cerebrospinal fluid; NFL, neurofilament light chain; pNFH, phosphorylated neurofilament heavy chain.

Our preliminary results also showed that serum levels of pNFH

were negatively associated with ALSFRS-R scores in ALS patients,

suggesting that pNFH may be a biomarker for disease severity. How-

ever, no correlation between NFs and motor function was found in

SMA patients. Contrary to our findings, previous studies (Darras et al.,

2019; Wurster et al., 2020) reported higher serum pNFH and NFL

levels in SMA patients with more severe motor function. Differences

in the selection of study subjects and instruments for motor function

measurement may contribute to inconsistent results. In the present

study, we enrolled adult patients with SMA type 2–3 rather than

infants/children patients, extending the knowledge of different patho-

logical axonal degeneration andmetabolism in older SMA patients.

The widely available biomarkers, CK and Cr, have been increasingly

reported for diagnosis and prognostic prediction in neurodegenera-

tive diseases (Ceccanti et al., 2020; Lombardi et al., 2019). In this pilot

study, we also found significantly lower Cr in SMA patients than in

ALS patients, and higher CK and Cr were strongly associated with

higher ALSFRS-R scores. These findings are consistent with previous

observations (Freigang et al., 2021; Milella et al., 2021), suggesting

that CK and Cr are potential markers of disease severity in SMA. No

association ofNFswas foundwithCKorCr in SMApatients, these find-

ings indirectly corroborated thehypothesis that degenerationofmotor

neurons andmusclewas independently involved in the pathogenesis of

SMA (Habets et al., 2022; Kim et al., 2020). The underlying mechanism
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is still unknown, and further studies are needed to explore the possible

link.

This pilot study had the major advantage of enrollment with both

ALS and SMApatients, and comparing the serum andCSF levels of NFs

among different groups. But we included a relatively small sample size

due to the rarity of SMA, which limited the accuracy and reliability of

our results. Besides, age was significantly lower in SMA patients than

in ALS patients and controls, and the differences may affect the levels

of NFs. Although our results did not show a significant correlation of

age with serum or CSF levels of NFL and pNFH, some previous studies

noted significantly higher levels of NFL in younger children (Nitz et al.,

2021). Thus, we are planning to do further studies with larger sample

sizes andmatched controls.

5 CONCLUSION

In this pilot study, our findings indicated the diagnostic performance

of CSF NFL and pNFH in differentiating adult SMA and sporadic ALS

patients, expanding the available data on the potential biomarkers

for motor neuron diseases. Until now, the diagnosis of SMA is based

on molecular testing for homozygous deletion or mutation of the

SMN1 gene, and it is recognized as first line of investigation due to its

highly efficiency and reliable results. Our biomarker study indicated

its potential role in diagnostic and disease monitoring role, probably

providing new information for understanding the pathways leading

to neurodegeneration in motor neuron diseases. Future larger case-

control studies with different types of patients are required to validate

the values of these biomarkers in patients withmotor neuron diseases,

increasing our understanding of pathophysiologic differences between

SMA and ALS.
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