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Abstract

Background and purpose: This study was undertaken to determine the diagnostic and prog-
nostic value of a panel of serum biomarkers and to correlate their concentrations with several
clinical parameters in a large cohort of patients with amyotrophic lateral sclerosis (ALS).
Methods: One hundred forty-three consecutive patients with ALS and a control cohort consist-
ing of 70 patients with other neurodegenerative disorders (DEG), 70 patients with ALS mimic
disorders (ALSmd), and 45 healthy controls (HC) were included. Serum neurofilament light chain
(NfL), ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1), glial fibrillary acidic protein
(GFAP), and total tau protein levels were measured using ultrasensitive single molecule array.
Results: NfL correlated with disease progression rate (p < 0.001) and with the meas-
ures of upper motor neuron burden (p < 0.001). NfL was higher in the ALS patients with
classic and pyramidal phenotype. GFAP was raised in ALS with cognitive-behavioral im-
pairment compared with ALS with normal cognition. NfL displayed the best diagnostic
performance in discriminating ALS from HC (area under the curve [AUC] = 0.990), DEG
(AUC = 0.946), and ALSmd (AUC = 0.850). UCHL1 performed well in distinguishing ALS
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenera-
tive disease caused by a relentless motor neuron degeneration, lead-
ing to progressive muscle weakness, dysphagia, respiratory failure,
and ultimately death [1]. ALS belongs to the broader spectrum of
motor neuron disease, a heterogeneous group of disorders marked
by the involvement of both upper and lower motor neurons [2,3].

As of today, the diagnosis of ALS is based on clinical judgment,
given a combination of progressive upper and lower motor neuron
involvement without an alternative explanation for the presenting
symptoms and signs [4]. The diagnosis of ALS can be challenging
when its first manifestations overlap with those of ALS mimic dis-
orders, and the lack of specific diagnostic tests prevents an early
diagnosis [5]. Definition of prognosis in ALS is hampered by the het-
erogeneity of its clinical features, with variability in survival being
the most salient feature [6,7]. An accurate prediction of the individ-
ual outcome is crucial to establish early interventions as well as in
clinical trial design [8,9].

Despite extensive research efforts, only a few biomarkers have
been validated for ALS, including neuroimaging, electrophysiologi-
cal, and biofluid biomarkers [10]. The latter, frequently referred to as
“wet biomarkers,” have gained increasing interest in recent years, in
consideration of their advantages in terms of lower economic costs,
better tolerability, and greater ease to acquire, process, and harmo-
nize. Therefore, wet biomarkers are needed to aid clinical decision
and achieve early diagnosis, track disease progression, and better
define disease trajectories.

Consistent evidence has supported neurofilament light chain
(NfL), a marker of axonal injury, as one of the most promising bio-
markers for ALS. NfL is broadly considered a reliable prognostic
biomarker for ALS [11-13] whereas the applicability of NfL as a diag-
nostic biomarker is still debated. Previous studies have shown that
NfL yields a high diagnostic performance in discriminating ALS from
healthy controls (HC) in both serum and cerebrospinal fluid (CSF)
[11-15]. Conversely, studies aimed at investigating the applicability
of CSF and serum NfL in distinguishing ALS from its mimic disorders
achieved mixed results, possibly due to the heterogeneity of ALS and
the lack of specificity of NfL when tested across neurodegenerative

from HC (AUC = 0.761), whereas it was not helpful in differentiating ALS from DEG and
ALSmd. In multivariate analysis, NfL (p < 0.001) and UCHL1 (p = 0.038) were independ-
ent prognostic factors. Survival analysis combining NfL and UCHL1 effectively stratified
patients with lower NfL levels (p < 0.001).

Conclusions: NfL is a useful biomarker for the diagnosis of ALS and the strongest predic-
tor of survival. UCHL1 is an independent prognostic factor helpful in stratifying survival
in patients with low NfL levels, likely to have slowly progressive disease. GFAP reflects

extramotor involvement, namely cognitive impairment or frontotemporal dementia.

frontotemporal dementia, glial fibrillary acidic protein, neurofilament proteins, UCHL1 protein

disorders [11,16-20]. To overcome this limitation, the use of a panel
of biomarkers, as already employed for the diagnosis of Alzheimer
disease (AD), might be a promising strategy to improve the diagnos-
tic performance in differentiating ALS from its mimic disorders [21].
An ideal biomarker panel in ALS should embrace markers that
may already be tested in neurodegenerative disorders and that
are easily measurable in serum. An example is ubiquitin carboxyl-
terminal hydrolase isozyme L1 (UCHL1), a multifunctional protein
expressed in the cytoplasm of neurons [22-24]. It is elevated in both
CSF and serum from sporadic ALS patients and from those carry-
ing the C9orf72 hexanucleotide repeat expansion (C9-ALS) [25-27].
Glial fibrillary acidic protein (GFAP) is an established brain marker
of astrogliosis [28]. GFAP has been found elevated in both CSF and
serum from patients with frontotemporal dementia (FTD), whereas
it has not yet been fully investigated in ALS [29-31]. Total tau pro-
tein (tTAU) is a protein reflecting an ongoing neuronal injury pro-
cess, and it is significantly raised in the CSF of AD patients [32,33].
Several studies have attempted to investigate the potential of CSF
and serum tTAU in ALS, achieving controversial results [34-37].
Against this background, this study aims to investigate UCHL1,
tTAU, and GFAP, addressing neuronal injury, neurodegeneration,
and astroglial activation in a large cohort of ALS patients. The diag-
nostic and prognostic performance of these biomarkers were bench-

marked against NfL, a marker of axonal injury.

MATERIALS AND METHODS
Participants and clinical characterization

A total of 143 consecutive ALS patients, diagnosed according to
the revised El Escorial criteria, were recruited at the Department
of Neurology of San Raffaele Scientific Institute, Milan, Italy, from
March 2016 to March 2021 [4,38,39]. A control cohort consisting of
70 patients with other neurodegenerative disorders (DEG), 70 pa-
tients with ALS mimic disorders (ALSmd), and 45 HC was included
in the study. All the patients enrolled in the study were recruited
at our center. ALSmd were patients showing signs and symptoms
resembling ALS, a diagnosis that was excluded after a throughout
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diagnostic workup. HC were unrelated to ALS patients. Baseline
serum samples for biomarker assays were collected during the diag-
nostic workup. Additionally, a longitudinal biomarker evaluation was
performed in subgroup of ALS patients.

At the collection time, demographics and clinical history in-
formation were registered and a neurological evaluation was per-
formed collecting the following data: Medical Research Council
(MRC) scale (12 muscles for each side; score = 0-120 points) [40];
MRC progression rate, calculated as (120 - MRC score) / disease
duration; ALS Functional Rating Scale-Revised (ALSFRS-R); dis-
ease progression rate, calculated as (48 - ALSFRS-R) / disease
duration; and upper motor neuron (UMN) score, calculated by
totaling the number of pathological UMN signs at examination
(score = 0-16) [40]. Patients were staged according to King's clin-
ical staging system, and classified into eight different ALS pheno-
types, in accordance with previously published criteria (Appendix
S1) [41]. The presence of Corf72 repeat expansion was screened
in the whole ALS cohort, as previously described (Appendix S1)
[42]. A neuropsychological assessment, performed as recom-
mended by the Diagnostic Criteria for the Behavioural Variant
of FTD and the ALSFTD Consensus Criteria, was available for 74
ALS patients who were assessed in a time period of +2 months
from serum sampling [43-45]. Patients were categorized into five
different cognitive phenotypes, consistently with the neuropsy-
chological assessment, as previously described [46]. Routine tran-
scranial magnetic stimulation, performed for diagnostic purpose,
was available from 90 patients, in a time period of +2 months from
serum sampling. Mean motor evoked potential/compound muscle
action potential (MEP/cMAP) at the four limbs was calculated, as
previously described [46].

Disease duration was defined as the time period between
symptoms onset and date of sampling. Survival was defined as
time from sampling to death/tracheostomy. Patients were fol-
lowed up with periodical phone calls, and survival status was up-
dated in April 2021.

Sample collection and biomarker analysis

Serum samples from all the patients included in the study were col-
lected at the first evaluation performed at our center. Furthermore,
serum samples from 34 patients with ALS were collected for longi-
tudinal biomarker evaluation 6 months after the first venipuncture.
Serum samples were processed within 1 h of blood collection and
were stored at —~80°C prior to analysis. Single-protein array technol-
ogy (Simoa, Quanterix) was used to quantify serum GFAP, UCHL-
1, NfL, and tTAU levels (pg/ml). The analysis was performed with
the fully automated instrument HD-1 Analyzer (Quanterix). Samples
were run with appropriate standards and controls, and the techni-
cian performing the assays was blinded to clinical data. For the lon-
gitudinal assay, samples were assessed on the same plate for each
ALS patient to reduce batch effects. The interassay coefficient of
variation was <15%.

Statistical methods

Normality data distribution was explored with the Shapiro-Wilk
test. Continuous variables are reported as median and interquar-
tile range (IQR), and categorical variables as number and relative
frequencies. We applied two-tailed unpaired Mann-Whitney U
test and Kruskal-Wallis test with Bonferroni post hoc compari-
son to verify differences among two and more than two groups,
respectively. Correlation between parameters was calculated by
Pearson correlation r at a 5% significance. Wilcoxon matched-
pairs signed-rank test was performed to compare pairs of basal
and follow-up serum biomarker levels. Clinical variables were cat-
egorized accordingly with their tertile values to assess differences
among groups.

Receiver operating characteristic (ROC) curve analysis was car-
ried out to investigate diagnostic sensitivity, specificity, and positive
and negative predictive values (PPV and NPV), and to calculate the
area under the curve (AUC) of serum biomarkers, with correspond-
ing 95% confidence interval (Cl). The highest Youden index was used
to calculate the optimal cutoff of each biomarker on an ROC analysis.

Kaplan-Meier (KM) univariate analysis was carried out to esti-
mate the effect of biomarkers on survival. Patients were clustered
according to biomarker tertile values. Log-rank test (Mantel-Cox)
was used to test for significant differences among groups. Patients
who were alive at last follow-up were censored. Multivariate analysis
with Cox proportional hazards model (enter method) was performed
to estimate the proportional hazard ratios of biomarkers on survival.
Cox regression was adjusted for factors that negatively influenced
ALS survival [6,46].

All statistical tests were carried out using SPSS 26.0 software
(IBM). Statistical significance was set at p < 0.05.

Patient consent for publication

The study was performed according to the Helsinki Declaration
and approved by the ethics committee of our institute (Protocollo
Genotipo-Fenotipo, reference number DSAN 855-A-0S/3). All pa-

tients gave informed written consent to participate in the study.

RESULTS

Patients' clinical characteristics and correlations with
serum biomarkers

Demographics and clinical characteristics of the ALS and control co-
horts are given in Table 1 and Tables S1, S2, and S3. All groups were
age- (p = 0.27) and sex-matched (p = 0.89).

Serum NfL was significantly higher in ALS compared with HC,
DEG, and ALSmd groups (p < 0.001; Figure 1, Table 2). UCHL1 was
significantly higher in ALS compared with HC (p < 0.001). GFAP and
tTAU were significantly lower in ALS compared with DEG (p < 0.001;
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Figure 1, Table 2). Serum biomarker median levels and IQRs of the
ALS and control cohorts are summarized in Table 2.

Univariate Pearson pairwise analysis identified a weak correla-
tion between NfL and tTAU (r = 0.19, p = 0.02), and a moderate cor-
relation between NfL and GFAP (r=0.39; p < 0.001). UCHL1 showed

TABLE 1 ALS patients' demographics and clinical characteristics

Characteristic ALS,n =143
Gender, M/F 87/56

Age at venipuncture, years 64.0(55.0-72.0)
Disease duration at venipuncture, months 9.0 (7.0-12.0)
Diagnostic delay, months 7.0 (5.0-10.0)
ALSFRS-R 41.0 (36.0-44.0)
AALSFRS-R, points/month 0.9 (0.5-1.5)

MRC total score 106.0 (94.8-114.0)
AMRC, points/month 1.7 (0.7-2.7)

UMN score 8.0(4.0-11.0)

ECAS ALS-specific

ECAS ALS-nonspecific

Total ECAS score

Mean MEP/cMAP at four limbs

71.0 (56.0-84.0)
23.0(18.0-27.0)
93.0(76.0-109.0)
0.2(0.1-0.3)

Note: Given are median values and interquartile range.

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS
Functional Rating Scale-Revised; ECAS, Edinburgh Cognitive and
Behavioural ALS Screen; F, female; M, male; MEP/cMAP, motor evoked
potential/compound muscle action potential; MRC, Medical Research
Council Scale; UMN, upper motor neuron; AALSFRS-R, ALSFRS-R
progression rate; AMRC, MRC progression rate.

a weak correlation with GFAP (r = 0.18, p = 0.03) and tTAU (r = 0.18,
p=0.03).

When serum biomarker concentrations were correlated with
ALS clinical characteristics and functional parameters of disease
progression, we observed a correlation between GFAP and age at
sampling (r = 0.42, p < 0.001). Disease progression rate was moder-
ately correlated with NfL (r = 0.47, p < 0.001) and weakly correlated
with GFAP (r = 0.27, p = 0.01). NfL (r = 0.34, p < 0.001), UCHL1
(r=10.20, p = 0.02), and GFAP (r = 0.21, p = 0.02) showed a pos-
itive correlation with the UMN burden measured by UMN score.
Furthermore, we observed a negative correlation between the mean
MEP/cMAP values at the four limbs and NfL (r = -0.33, p = 0.01).

We explored the serum biomarker concentrations across the
ALS phenotypes. Higher NfL levels were detected in pyramidal, clas-
sic, and bulbar patients compared with atypical or restricted pheno-
types such as flail arm (FA), flail leg (FL), pure lower motor neuron
(PLMN), and pure UMN (PUMN; Figure 2 and Table S1). Conversely,
UCHL1, GFAP, and tTAU showed homogenous levels regardless
of the ALS phenotypes (Figure S1 and Table S1). We investigated
serum biomarker concentrations across ALS cognitive phenotypes,
evidencing that GFAP was significantly higher in ALS with concomi-
tant cognitive and/or behavioral impairment or FTD, compared with
pure motor ALS (Figure 2 and Table S1). This result was confirmed
also after correction for the age at sampling. NfL, UCHL1, and tTAU
did not differ among cognitive phenotypes (Figure S2 and Table
S1). In our ALS cohort, 20 patients were C9-ALS. C9-ALS and C9-
negative ALS groups had similar serum biomarker concentrations
(Table S1). Thirty-four patients underwent longitudinal serum bio-
marker evaluation. The median time occurring between baseline (TO)
and the second sampling (T1) was 6 months (range = 5-7 months).

*%

FIGURE 1 (a) Neurofilament light
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terminal hydrolase isozyme L1 (UCHL1),
(c) glial fibrillary acidic protein (GFAP),
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TABLE 2 Demographic characteristics and serum levels in the study groups

Study groups

ALS,n =143 HC,n=45 DEG,n =70 ALSmd,n =70
Age, years 64.5(54.8-72.2) 62.0 (58.0-70.0) 66.0(61.8-72.3) 68.0(54.8-77.0)
Sex, M/F 87/56 25/20 42/28 44/26
NfL 112.1(70.8-184.9) 14.1 (10.9-19.2)** 24.5(15.8-37.4)*%# 27.6 (16.9-53.0)**##
UCHL1 41.9 (28.0-62.8) 25.8 (17.2-36.2)** 49.7 (26.3-62.9)** 44.5(24.5-67.4)*
GFAP 131.4 (92.6-173.4) 125.9 (84.2-156.5) 206.2 (118.5-277.2)**## 149.8 (96.0-212.3)
tTAU 0.8(0.5-1.3) 1.1(0.7-2.0)** 1.2(0.4-1.8) 0.6 (0.3-1.1)*#8%

Note: Median is given with interquartile range in parentheses.

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSmd, ALS mimic disorders; DEG, neurodegenerative disorders; F, female; GFAP, glial fibrillary
acidic protein; HC, healthy controls; M, male; NfL, neurofilament light chain; tTAU, total tau protein; UCHL1, ubiquitin carboxyl-terminal hydrolase

isozyme L1.

*p < 0.05 vs ALS; **p < 0.01 vs ALS; *p < 0.05 vs HC; #p < 0.01 vs HC; 3p < 0.05 vs DEG; %%p < 0.01 vs DEG.
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FIGURE 2 (a) Serum neurofilament light chain (NfL) levels in patients with amyotrophic lateral sclerosis (ALS) grouped according to
previously published criteria [41] (b) Serum glial fibrillary acidic protein (GFAP) levels in ALS patients classified according to cognitive
impairment [43] Boxes are median and interquartile range. Whiskers are highest and lowest values. Biomarker levels are plotted on a
10-logarithmic scale. *p < 0.05, **p < 0.01. ci/bi/cbi, cognitive impairment/behavioral impairment/both; FA, flail arm; FL, flail leg; FTD,
frontotemporal dementia; PLMN, pure lower motor neuron; PUMN, pure upper motor neuron

Demographics and clinical characteristics of the longitudinal ALS
cohort are given in the Table S4. A Wilcoxon matched-pairs signed-
rank test to evaluate significant changes of repeated measures of
biomarker concentrations showed no difference for NfL (p = 0.197),
UCHL1 (p = 0.939), and GFAP (p = 0.109). Conversely, tTau levels
were significantly increased at the second time point (p = 0.005;
Figure S3).

Biomarker diagnostic performance

Serum NfL displayed the best diagnostic performance among bio-
markers when discriminating ALS from HC (AUC = 0.990, 95% ClI
= 0.978-1.00). UCHL1 exhibited good diagnostic performance
(AUC = 0.761, 95% Cl = 0.765-0.837); conversely, GFAP and tTAU
had lower performance in differentiating ALS from HC (Figures S4,
S5, and Sé). NfL also had the highest diagnostic yield in distinguish-
ing ALS from DEG (AUC = 0.946, 95% Cl = 0.916-0.976); UCHL1,
GFAP, and tTAU were not helpful in discriminating ALS from DEG

(Figures S4, S5, and S6). When distinguishing ALS from ALSmd, the
highest AUC value was observed for NfL (AUC = 0.850, 95% Cl =
0.785-0.914), whereas UCHL1, GFAP, and tTAU showed lower AUC
values (Figures S4, S5, and Sé). The optimal cutoff, sensitivity, speci-
ficity, PPV, NPV, and AUC of each biomarker are given in Table S5.

Survival analysis

In a univariate analysis, higher NfL, UCHL1, and GFAP negatively
affected prognosis. First, KM survival curves were obtained with
ALS patients stratified according to serum NfL concentration ter-
tile (Mantel-Cox; y? = 42.3, p < 0.001). Survival estimations for NfL
concentration tertile were as follows: first tertile (lower values),
40.3 months (95% Cl = 25.1-57.0); second tertile, 21.0 months (95%
Cl = 14.2-25.8); third tertile, 9.0 months (95% Cl = 5.9-12.1 months;
Figure 3). Survival estimations for serum UCHL1 concentration ter-
tile (Mantel-Cox; ;(2 = 11.3, p = 0.004) were as follows: first tertile
(lower values), 30.0 months (95% Cl = 22.7-37.3); second tertile,
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18.0 months (95% Cl = 13.9-22.1); third tertile, 15.0 months (95%
Cl =10.7-19.2 months; Figure 3). For GFAP concentrations (Mantel-
Cox; ;(2 = 7.6, p = 0.02), survival estimations were as follows: first
tertile (lower values), 36.0 months (95% Cl = 16.1-55.8); second
tertile, 18.0 months (95% Cl = 12.3-23.6); third tertile, 13.0 months
(95% Cl = 4.0-22.0 months; Figure 3). These results were confirmed
when KM curves were adjusted by age at onset and disease duration
at serum sample (data not shown). Conversely, tTAU concentration
did not show any effect on survival.

Multivariate Cox regression models confirmed that higher levels
of NfL and UCHL1 are independently associated with reduced sur-
vival in ALS, whereas GFAP did not reach any statistical significance.
All the variables included in the analysis with respective p value, haz-
ard ratio, and 95% Cl are reported in Table 3.

To further explore the prognostic role of UCHL1, we performed
a combined NfL and UCHL1 KM analysis (Figure 3). We clustered
patients according to serum median NfL and UCHL1 levels in four
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different groups. The KM survival analysis produced a significant re-
sult (Mantel-Cox; ;(2 = 35.4, p < 0.001). Patients with above median
concentrations of NfL had similar prognosis regardless of UCHL1
concentrations (NfL-high/UCHL1-low and NfL-high/UCHL1-high
median survival were 12.0 and 11.0 months, respectively); in con-
trast, with below median NfL levels, UCHL1 concentrations allowed
an effective stratification of patients. In this NfL range, the median
survival for ALS patients with below median UCHL1 concentra-
tions (NfL-low/UCHL1-low) was 40.0 months (95% Cl| = 21.7-58.3),
whereas it was 22.0 months (95% Cl = 18.8-25.1) for ALS patients
with UCHL1 concentration above the median (NfL-low/UCHL1).

DISCUSSION

Our study aimed at screening serum UCHL1, tTAU, and GFAP,
surrogates of neuronal injury, neurodegeneration, and astroglial
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FIGURE 3 Kaplan-Meier (KM) curves estimate amyotrophic lateral sclerosis (ALS) cumulative survival according to (a) neurofilament
light chain (NfL), (b) ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1), and (c) glial fibrillary acidic protein (GFAP) serum levels. (d)
KM survival curves in ALS patients combining NfL and UCHL1 levels: below median values for both biomarkers (Low NfL/Low UCHL1); NfL
below median values and UCHL1 above median values (Low NfL/High UCHL1); NfL above median values and UCHL1 below median values
(High NfL/Low UCHL1); above median values for both biomarkers (High NfL/High UCHL1). Survival was defined as the time from blood
sample to death or tracheostomy [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 3 Cox proportional hazards regression multivariate
analysis on survival

Survival [from serum sample to
death or tracheostomy]

Covariates HR (95% ClI) p
NfL levels, pg/ml <0.001?

1st tertile 1

2nd tertile 3.24(1.67-6.30) <0.001°

3rd tertile 5.62(2.93-10.77) <0.001°
GFAP levels, pg/ml 0.649

1st tertile 1

2nd tertile 1.15(0.66-2.0) 0.621

3rd tertile 0.89 (0.48-1.65) 0.716
UCHL1 levels, pg/ml 0.038°

1st tertile 1

2nd tertile 1.04 (0.59-1.85) 0.80

3rd tertile 1.88(1.06-3.33) 0.032°
Age at venipuncture 1.02 (0.99-1.04) 0.18
Diagnostic delay 1.09 (1.01-1.17) 0.03°
Disease progression rate 1.86(1.49-2.33) <0.001°
C9orf72 expansion

No 1

Yes 1.75(0.91-3.36) 0.09
Phenotype

Spinal 1

Bulbar 1.49 (0.86-2.59) 0.15

Note: Variables included in the model: NfL divided in tertiles, GFAP
divided in tertiles, UCHL1 divided in tertiles, age at venipuncture,
diagnostic delay, disease progression rate, C9orf72 expansion
dichotomized as yes or no, ALS phenotype subdivided into spinal and
bulbar.

Abbreviations: Cl, confidence interval; GFAP, glial fibrillary acidic
protein; HR, hazard ratio; NfL, neurofilament light chain; UCHL1,
ubiquitin carboxyl-terminal hydrolase isozyme L1.

Statistically significant.

activation, respectively, as potential novel candidate biomarkers
for ALS. Their diagnostic and prognostic performance were bench-
marked against NfL. In our large ALS cohort, we observed that
NfL was raised in ALS phenotypes characterized by a fast disease
progression and prominent UMN involvement, whereas GFAP was
higher in ALS with concomitant cognitive impairment. Our findings
showed the lower diagnostic performance of UCHL1, GFAP, and
tTAU compared with NfL in discriminating ALS from HC, DEG, and
ALSmd. Conversely, along with NfL, UCHL1 emerged as an inde-
pendent prognostic factor for survival, proving itself a strong pre-
dictor of survival in patients with low NfL concentrations in serum.
NfL is pivotal in maintaining the cytoskeletal structure of neu-
rons and is considered a reliable marker of axonal injury [8]. Despite
axonal degeneration being a nonspecific process, shared by several
neurological diseases, elevated NfL levels in biofluids have been
consistently associated with ALS, supporting their introduction as

a promising biomarker for this neurodegenerative disorder. In line
with previous reports, NfL was higher in ALS compared with every
other control group and showed a good correlation with the disease
progression rate [11,16,17,47]. We also demonstrated that NfL cor-
related with the UMN burden assessed by the UMN score and MEP/
cMAP. Although our understanding of axonal degeneration at the
system level is limited, our results indicate corticospinal tract de-
generation is likely to be the main contributor to NfL outflow into
biological fluid. In support of this hypothesis is the observation that
NfL was heterogeneously distributed across ALS motor phenotypes;
higher NfL levels were seen in ALS patients with prominent UMN
burden compared with a restricted or predominantly lower motor
neuron phenotypes such as PLMN, FA, and FL. These results are
consistent with a previous study by our group, focusing on phos-
phorylated neurofilament heavy chain levels [46]. In the biomarker
panel under investigation, UCHL1 appears to add to the estimation
of prognosis and to the clinical stratification of ALS. UCHL1 is an
enzyme selectively expressed in the cytoplasm of neurons and in-
volved in the ubiquitin-proteasome system [48,49]. It has been
found upregulated in the CSF of ALS and C9-ALS subjects, and sig-
nificantly raised in both CSF and serum of ALS subjects compared
with ALSmd [25,27,49]. In our study, UCHL1 concentration was
higher in ALS compared with HC, but, contrary to a previous study
[27] we did not detect any statistical difference between ALS and
ALSmd. The larger sample size of our study and the intrinsic hetero-
geneity of the ALSmd group might explain these diverging results.
UCHL1 was homogenous across the ALS motor and cognitive phe-
notypes. Similarly, no differences were observed between the ALS
and DEG groups. Importantly, UCHL1 serum concentrations provide
an additional tool for stratification and prognosis in those ALS indi-
viduals with low NfL serum concentrations (Figure 3). As lower NfL
concentrations in ALS have been linked to slower disease progres-
sion, the use of UCHL1 may be informative on prognosis in this sub-
group of patients, as UCHL1 levels were able to identify two groups
of patients with extremely different prognostic trajectories (as high-
lighted by the 18-month difference in median survival) among those
with NfL levels below the median. Low serum NfL levels in asymp-
tomatic ALS have been reported to increase in the prodromal and
symptomatic phase of the disease and to remain stable throughout
disease progression [50]. UCHL1 serum concentration should there-
fore be tested in longitudinal studies targeting the asymptomatic or
early stage of the disease.

GFAP is a specific brain protein and established marker of as-
trogliosis [28]. The abnormal proliferation of astrocytes, a conse-
quence of the neuronal damage, has been observed to be increased
in frontal cortical tissue in FTD, and elevated in both CSF and serum
of patients with symptomatic FTD [29-31,51]. Consistent with this,
we found that GFAP was raised in the DEG group compared to the
ALS and HC groups and correlated with the age at symptom onset.
Interestingly, we observed that GFAP was different among cognitive
phenotypes; that is, ALS with concomitant cognitive and/or behav-
ioral impairment or FTD had higher levels compared with ALS with
normal cognition. In light of this result, higher GFAP levels might
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suggest a wider spreading of the neurodegenerative process, ex-
tended to the frontotemporal regions, as typically occurs in patients
with ALS and concomitant cognitive impairment. Monitoring GFAP
along with the neuropsychological status might be instrumental in
tracking the occurrence and the evolution of cognitive decline in
ALS. Further longitudinal studies are needed to better address this
hypothesis.

Among the investigated biomarkers, NfL reached the best di-
agnostic performance for ALS. NfL showed almost optimal diag-
nostic yield in distinguishing ALS from HC (AUC = 0.990) and DEG
(AUC = 0.946), with excellent sensitivity and specificity values
(Table S5). Conversely, the diagnostic yield of NfL in discriminating
ALS from ALSmd was lower (AUC = 0.850), with specificity de-
creasing to 78.0% (Table S5). Our results, consistent with previous
findings, confirmed the potential of NfL as a diagnostic biomarker
for ALS [11]. A previous study measured UCHL1, demonstrating
good diagnostic performance in both CSF and serum and suggest-
ing it as a promising biomarker for ALS [27]. Conversely, in our
study, UCHL1 showed good diagnostic yield in discriminating ALS
from HC (AUC = 0.761), but unsatisfactory performance in dis-
tinguishing ALS from DEG and ALSmd (Table S5). GFAP and tTAU
were not helpful in differentiating ALS from any of the control
cohorts.

In univariate analysis, NfL, UCHL1, and GFAP were significant in
stratifying ALS survival as shown by the KM curves. Among them,
NfL was confirmed to be the best predictor of outcome (Figure 3).
However, only NfL and UCHL1 were significant in multivariate
analysis. Therefore, we performed a survival analysis combining
both biomarkers to improve the prognostic evaluation of NfL when
measured alone. Our results demonstrated that UCHL1 is helpful
in stratifying ALS prognosis in patients showing lower levels of NfL
(below median value). Conversely, patients with high NfL have simi-
lar survival independently from UCHL1 level. Therefore, we demon-
strated that UCHL1 is an independent prognostic factor for ALS,
and the combined evaluation of both biomarkers might be useful
in better defining a patient's prognosis. Hence, UCHL1 adds to the
growing list of potentially useful prognostic wet biomarkers in ALS,
together with serum C-reactive protein and miR-181, as well as plas-
matic markers of ferroptosis [52-54].

Our study is not exempt from limitations. Although performed
on a large ALS cohort, the lack of a validation cohort represents a
limitation; further investigations are required to confirm UCHL1 as
an independent prognostic factor, and a larger cohort of positive and
negative control groups is needed to confirm our findings. Although
a previous study demonstrated a strong correlation between CSF
and serum concentration [27] we were not able to assess the diag-
nostic and prognostic performance of UCHL1 in CSF due to the lack
of serum and CSF matched samples in our cohort. Despite that, a
blood-based biomarker would be preferable to a CSF one, due to
easier collection practices.

Lastly, the longitudinal evaluation had a short follow-up period of
only six months reducing our ability to calculate a reliable slope for
any biomarker in the disease progression using linear mixed models.

In conclusion, we confirmed NfL as a potential diagnostic and
prognostic biomarker for ALS. The upcoming introduction of NfL in
clinical practice needs the definition of standardized cutoff values,
to provide consistency and allow comparisons between measure-
ments from different laboratories. Although we confirm NfL as the
strongest predictor of survival, UCHL1 is an independent prognostic
factor for ALS and may be helpful in stratifying survival of patients
with low NfL. Finally, GFAP might be useful to detect extramotor
impairment, namely, cognitive impairment or FTD, in ALS. Future
investigations should address finding novel, more specific biomark-
ers, to improve the diagnostic specificity when combined with NfL
in differentiating ALSmd.
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