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Abstract

The phosphorylated neurofilament heavy chain (pNfH) is a promising biomarker in
amyotrophic lateral sclerosis (ALS). We examined plasma pNfH concentrations in
order to corroborate its role as a diagnostic and prognostic biomarker in ALS. Incident
ALS cases enrolled in a population-based registry were retrospectively selected and
matched by sex and age with a cohort of healthy volunteers. Plasma pNfH levels were
measured by an ELISA kit and correlated with clinical parameters. Discrimination
ability of pNfH was tested using receiving operating characteristic (ROC) curves.
Kaplan-Meier (KM) analysis and Cox proportional hazard models were used for sur-
vival analysis. Plasma pNfH was significantly higher in patients compared to controls.
An optimal cut-off of 39.74 pg/ml discriminated cases from controls with an elevated
sensitivity and specificity. Bulbar-onset cases had higher plasma pNfH compared to
spinal onset (p = 0.0033). Furthermore, plasma pNfH positively correlated with dis-
ease progression rate (r = 0.19, p = 0.031). Baseline plasma pNfH did not influence
survival in our cohort. Our findings confirmed the potential utility of plasma pNfH as
a diagnostic biomarker in ALS. However, further studies with longitudinal data are

needed to corroborate its prognostic value.
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1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disor-
der which mainly involves the motor system, characterized by pro-
gressive degeneration of both upper and lower motor neurons.!
Incidence in Europe is between 2 and 3 cases per 100,000 individu-
als.? The phenotype is highly variable, but atrophy and muscle weak-
ness as well as fasciculations and spasticity are the most common
signs. ALS usually leads to death because of respiratory failure in
2-3 years from symptom onset.®

To date, the diagnosis of ALS remains substantially based on clin-
ical characteristics, including progression of symptoms over time.
Electrophysiological investigations and imaging findings have a support-
ive role. However, due to the clinical heterogeneity of the disease and its
insidious onset, the time between symptom appearance and confirmed
diagnosis is still too long.*° There are still no validated diagnostic bio-
markers which can be expression of the underlying pathology, and can
improve the diagnostic process. Currently, the most promising candidate
biomarkers for ALS are neurofilaments (NFs), particularly the neurofil-
ament light chain (NfL) and the phosphorylated neurofilament heavy
chain (pNfH), which are main components of the neuronal cytoskeleton.6

NFs are selectively expressed in neurons and are found at the
highest levels in long projection axons.” After axonal injury, NFs are
released into the extracellular space; thus, their concentration in
CSF and/or blood reflects the degree of axonal damage.®

Several studies have provided evidence that NF levels are in-
creased in patients with ALS compared to ALS mimics and healthy

9-12

controls”™“ and that higher NF levels are associated with faster dis-

ease progression.101113
In this study, we evaluated the pNfH levels in plasma in order to

corroborate its role as a diagnostic and prognostic biomarker in ALS.

2 | METHODS

2.1 | Study population

Incident ALS cases, diagnosed between 2011 and 2015 according

to the revised El Escorial criteria,14

were retrospectively selected
from a prospective population-based registry in the Apulia region
(SLAP). The SLAP registry was established in 1997, and the surveil-
lance began on 1 January 1998. Cases were matched by sex and age
(+3 years) with a cohort of healthy volunteers. Additional methodo-
logical information on the SLAP registry was published elsewhere.'®
ALS patients fulfilling one of the following criteria were excluded
from this study: (1) genetic ALS; (2) a concomitant diagnosis of any
type of dementia including frontotemporal dementia; (3) history of
major psychiatric disorders; and (4) therapy with antidepressant at
the time of enrolment and/or over the previous three months (i.e. se-
lective serotonin reuptake inhibitors, SSRIs). For the control group,
the exclusion criteria were as follows: (1) presence of a first and/
or a second-degree relative with a diagnosis of ALS, frontotempo-

ral dementia or Alzheimer's disease; (2) history of major psychiatric

disorders; (3) therapy with antidepressant at the time of enrolment
and/or over the previous three months (i.e. SSRIs); and (4) presence

of major cardiac, renal, liver or other systemic diseases.

2.2 | Procedures of assessment

Cases and controls underwent a detailed interview about familiar
and personal history. All cases underwent a neurological examina-
tion by ALS-expert neurologists, blinded to any biochemical result,
who focused on identifying signs of upper motor neuron (UMN) and
lower motor neuron (LMN) involvement and their distribution over
several body regions. Diagnosis was made according to the revised
El Escorial Criteria.}

Based on the site of symptom onset, patients were classified as
(1) ‘bulbar onset’, when the onset of symptoms was in the bulbar
region, or (2) ‘spinal onset’ when the onset of symptoms was in cervi-
cal, thoracic or lumbar regions. The spreading pattern of the disease
was described using two variables: time to diffusion (TTD), defined
as the time of symptom spreading from the onset region to a second
one, and time to generalization (TTG), defined as the time of symp-
tom spreading from the spinal or bulbar localization to both.!® As
already described, these two clinical variables were based mostly on
the personal history of the patient or on the neurological examina-
tion at baseline in a minority of cases (mostly when the neurologist
detected signs, as fasciculation or spasticity in one region referred
as not affected by the patient); in this case, TTD and/or TTG were
considered to be present at the time of enrolment.?”

Six clinical phenotypes were considered at the time of assess-
ment: 1—ALS with prevalence of upper motor neuron signs, 2—ALS
with prevalence of lower motor neuron signs, 3—'flail arm’, 4—flail
leg’, 5—bulbar ALS (patients who had not developed any spinal in-
volvement in the first 6 months from the onset of symptoms and
who had developed pyramidal signs before or after 6 months from
symptoms’ onset) and 6—classical ALS.'8

Functional status was evaluated based on the total score of the
revised ALS functional rating scale (ALSFRS-R),Y whereas muscular
impairment was assessed using the manual muscle testing (MMT).2°
Respiratory involvement was assessed based on forced vital capac-
ity (FVC; percentage of the predicted value) and sniff nasal inspira-
tory pressure (SNIP).

The disease duration was calculated as the difference (expressed
in months) between the date of assessment and the date of symp-
tom onset. The onset-diagnosis interval (ODI) was defined as the
time-difference (in days) between date of symptom onset and date
of diagnosis. To standardize the disease progression, the progression
rate was calculated as 48 minus the ALSFRS-R score at the time of
assessment and divided by disease duration from symptom onset.!*

Other clinical information such as the presence/date of percuta-
neous endoscopic gastrostomy (PEG) tube placement and/or trache-
ostomy was collected after 24 months from the enrolment, using a
telephone interview. Staging of the disease at the time of enrolment
was based on the King's staging system.?!
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Mortality data were checked using a medical administrative da-
tabase of Apulia region (Edotto) in which dates of death are regis-
tered. Censored date was 03 May 2019. We assumed that no ALS
patient migrated outside the region during the study period.

The study was approved by the Institutional Review Board of
the ‘Azienda Sanitaria Locale, Lecce’. Written informed consent was
obtained from all participants or their legal next of kin if they were

unable.

2.3 | Sample collection and storage

Venous blood was drawn by venipuncture from all cases and con-
trols; blood samples were collected in EDTA vacutainers, which were
immediately centrifuged for 15 min at ~2000 g at room tempera-
ture within 1h. After centrifugation, plasma was removed, aliquoted
(0.5 ml/aliquot) into screw-cap polypropylene tubes and stored at
-80°C until biochemical analyses. Samples were thawed at room

temperature only once before analysis.

2.4 | pNfH analysis

An enzyme-linked immunosorbent assay (ELISA) was used to quan-
tify the pNfH plasma level [Neurofilament (pNf-H) high sensitive
ELISA, REF EQ6562-9601, For Research Use Only, Euroimmun AG],
according to the manufacturer's protocol. The lower detection limit
was 6 pg/ml. Briefly, in the first analysis step, the calibrators, controls
and samples were diluted with monoclonal biotin-labelled anti-pNfH
antibodies and added to microplate wells coated with polyclonal
anti-pNfH antibodies. In this process, pNfH is bound in a complex.
In a second incubation, streptavidin peroxidase conjugate binds the
biotin. A following incubation with substrate and chromogen pro-
motes a colour reaction. The colour intensity is proportional to the
pNfH concentration in the sample. The absorbance is then meas-
ured at 450 nm. Plasma pNfH concentrations were presented as pg/
ml. Calibrators, controls and samples were measured in duplicate
for each test run. The analytical performance of the assay was veri-
fied with the within-run, between-day and within-laboratory preci-
sion, using two quality controls, high positive (C1) and low positive
(C2), tested in triplicate in five consecutive days (CLSI EP15-A).%2
The within-run CV, between-day CV and within-laboratory CV were
2.2%,2.9% and 3.4%, respectively, for the C1 control (mean concen-
tration 91.05 pg/ml), and 1.5%, 2.5% and 2.8%, respectively, for the

C2 control (mean concentration 42.21 pg/ml).

2.5 | Statistical analysis

Data are expressed as mean +standard deviation or median +inter-
quartile range as appropriate, while categorical variables with abso-
lute numbers and relative frequencies. All tests are two tailed, and a
p < 0.05 was deemed as statistically significant.

The differences of numerical covariate between groups were
evaluated with linear ANOVA and Kruskal-Wallis tests, depending
on the residuals’ distributions (normal distribution assessed with the
Shapiro-Wilk test) in a linear regression model and on variance ho-
mogeneity. All p-values were corrected for multiple tests (Bonferroni
method).

Correlations between pNfH and numerical covariates were cal-
culated using the Spearman rank correlation coefficient.

The diagnostic performance characteristics of plasma pNfH
(as a continuous variable) to discriminate between cases and con-
trols were calculated and compared in a logistic regression analysis
setting.

Age and/or gender were also tested as covariates in such con-
text, when significant (p < 0.05). The area under the curve (AUC)
constructed with the predicted probabilities of the logistic regres-
sion analysis and corresponding performance characteristics were
reported if the AUC differed significantly from the AUC constructed
with the pNfH values. The sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV) and AUC with corre-
sponding 95% Cl for plasma pNfH were calculated with receiver op-
erating characteristic (ROC) curves. The highest Youden index was
used to calculate the optimal cut-off on a ROC analysis and conse-
quent best serum pNfH concentration (pg/ml) discerning between
ALS patients and controls.

Kaplan-Meier (KM) univariate analysis was carried out to deter-
mine the effect of plasma pNfH on survival (intended as tracheos-
tomy and/or death events) from date of diagnosis. Log rank tests
were used to test for differences among groups. Subsequently, uni-
variable and multivariable analysis with Cox proportional hazards
model was performed to estimate the hazard ratios (HR) of pNfH on
survival adjusting for clinically relevant covariates. Particularly, dif-
ferent multivariable models were considered with age, plasma pNfH
and sex as base model, consequently adding remaining clinically rel-
evant covariates with a hierarchical strategy in order to assess the
resulting adjusted hazard ratios (aHR).

All analyses were carried out using R (R development core team,

Vienna, Austria) version 3.4.0.

3 | RESULTS

3.1 | Population characteristics

A total of 256 subjects were enrolled in the study, 128 ALS pa-
tients and 128 healthy controls matched for age (+ 3 years) and sex.
Demographic and clinical characteristics of the study population are
listed in Table 1.

3.2 | Plasma pNfH levels in ALS and controls

The median plasma pNfH level was 100.7 pg/ml (IQR: 39.6 to 190.2)
for ALS patients and 16.0 pg/ml (IQR: 7.3 to 39.6) for controls.
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TABLE 1 Characteristics of study population

ALS Patients Controls
Number of enrolled patients: 128 (50%) 128 (50%)
n (%)
Age at sampling (years): 64.0(58.0 - 70.2) 66.0(59.5
median (IQR) -70.0)
Sex: n (%)
Male 76 (59.4%) 76 (59.4%)
Female 52 (40.6%) 52 (40.6%)
pNfH levels (pg/ml): median 100.7 (39.6 16.0(7.3
(IQR) -190.2) - 39.6)
El Escorial diagnostic categories at first evaluation: n (%)
Definite 31(24.2%)
Probable 45 (35.2%)
Possible 35 (27.3%)
Suspected 17 (13.3%)
Phenotype: n (%)
ALS with prevalence of 7 (5.8%)
upper motor neuron
signs
ALS with prevalence of 30 (5.5%)
lower motor neuron
signs
Flail arm 1(0.8%)
Flail leg 0
Bulbar 18 (15%)
Classical ALS 64 (53.3%)

Disease onset: n (%)
Bulbar 36(28.1%)
Spinal 90 (70.3%)

ALSFRS-R at clinical 34 (26.8 to 40.0)
evaluation®: median (IQR)

MMT: median (IQR)
FVC%: median (IQR)
SNIP (cm H,O): median (IQR)

9(8.1-9.5)
91.2(70.0 - 104.9)
64.0 (44.0 - 81.0)
King's Staging: n (%)

2A 7 (5.5%)

2B 16 (12.5%)

3 80 (62.5%)

4A 13 (10.2%)

4B 12 (9.4%)
Disease duration® (months): 22 (15.0 - 33.0)

median (IQR)

ODI (months): median (IQR) 12 (7 - 22)
TTD (months): median (IQR) 9(4-16)
TTG (months): median (IQR) 12 (6 - 22)

Abbreviations: ALS, Amyotrophic lateral sclerosis; ALSFRS-R,
Amyotrophic Lateral Sclerosis Functional Rating Scale Revised; IQR,
Interquartile range; ODI, onset-diagnosis interval; TTD, time to
diffusion; TTG, time to generalization.

2Clinical Evaluation: time corresponding to whole blood sampling.
bDisease duration: time window between symptoms onset and clinical
evaluation.

Median values were statistically different between the two groups
(p<0.001; Figure 1).

With ROC analysis, consequent to a logistic regression model
with case/control status as dependent variable and biomarker
as unique predictor, an optimal plasma pNfH cut-off value of
39.74 pg/ml was calculated to discriminate between ALS cases
and controls, which resulted in a sensitivity and a specificity of
75% with an area under the curve (AUC) of 0.82 (95% Cl = 0.77 -
0.87). The accuracy was 73% whereas the positive predictive and
the negative predictive values were 79% and 62% respectively
(Figure 2).

3.3 | Correlation with demographic
characteristics and clinical parameters and group
differences in cases.

In cases and controls, the correlation between plasma pNfH
and age was very weak and not statistically significant (cases:
r = -0.1, p = 0.26; controls: r = 0.057, p = 0.52). Plasma pNfH
levels did not differ between males and females both in patients
and in controls.

Restricting the analysis to cases, plasma pNfH were found sig-
nificantly higher in cases with bulbar onset of the disease, compared
to cases with spinal onset (p = 0.0033), whereas no differences were
found between diagnostic categories, phenotypes at diagnosis or
King's staging levels.

Plasma pNfH positively correlated with disease progression rate.
The strength of the correlation was mild-moderate, and it was sta-
tistically significant (r = 0.19, p = 0.031; Figure 3).

The strength of correlation between plasma pNfH levels and
ALSFRS-R total score was lower and not statistically significant
(r=-0.13, p = 0.15). However, dividing patients into two subgroups
based on the median ALSFRS-R total score (34), mean plasma pNfH
were significantly different between the two groups (p = 0.015).
In particular, in the group with an ALSFRS-R total score below the
median the mean plasma pNfH was 244.617 (326.360 SD) pg/ml vs
142.208 (190.486 SD) pg/ml in the group with an ALSFRS-R total
score above the median (Figure S1).

The correlations of plasma pNfH levels and disease duration
(r = -0.09, p = 0.33), ODI (r = -0.17, p = 0.052), TTD (r = -0.25,
p = 0.358) and TTG (r = -0.37, p = 0.181) were all not statistically
significant.

Eleven cases presented very high levels of plasma pNfH
(>500 pg/ml). Those cases had a fast progression rate (median 0.58,
range 0.26-5.5) and a short disease duration (median 7, range 2-
31), although comparable with other cases with much lower pNfH
plasma levels (Figure S2).

Restricting the analysis on this cluster of 11 case, the strength
of the correlation between plasma pNfH levels and progression rate
sharply increased, but the level of significance remained the same,
probably due to the very small sample size (r = 0.64, p = 0.033;
Figure S3).
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Wilcoxon, p < 2.2e-16

FIGURE 1 Box plot comparing plasma

1500 pNfH levels (pg/mL, y-axis) between ALS
cases and controls (x-axis). The yellow
. rhombus refers to the second quartile of
. the boxplot (i.e. median). p-value refers to
. ° the Wilcoxon rank-sum test
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o | FIGURE 2 Receiver operating
- characteristic (ROC) curve to discriminate
cases from controls, based on plasma
o | pNfH concentration. Area under the
° curve (AUC) 0.82 (95% CI = 0.77-0.87).
Sensitivity is shown on y-axis and
o | Optimal (Youden Index) point 1-specificity on x-axis. Youden index
Pl was used to calculate the optimal cut-
E off and consequent best plasma pNfH
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3.4 | Outcomes and survival analysis A multivariable PH Cox regression model confirmed that age was

The Kaplan-Meier product limit analysis showed no survival differ-
ences after stratifying patients according to the plasma pNfH me-
dian value (101 pg/ml; log-rank test y? = 0.5; p = 0.49; Figure S4).

In univariate Cox proportional hazard (PH) regression mod-
els, higher age (HR 1.04, 95% Cl = 1.01 - 1.06, p = 0.001), King's
Stages 4a (HR 4.32,95% Cl = 1.57 - 11.886, p = 0.005) and 4b (HR
2.86, 95% Cl 1.03 - 7.94, p = 0.044), faster disease progression
rate (HR 1.57, 95% Cl = 1.26 - 1.96, p < 0.001), presence of NIV
(HR 2.62, 95% Cl = 1.38 - 4.96, p = 0.003) and presence of PEG
(HR 2.74, 95% Cl = 1.77 - 4.26, p < 0.001) were independently
and significantly associated with a reduced survival (defined as
time from diagnosis to death/tracheostomy) in cases. On the con-
trary, higher ALSFRS-R total scores at clinical evaluation were
significantly associated with an increased survival (HR 0.93, 95%
Cl =0.91- 0.96, p < 0.001).

associated with an increased adjusted HR (aHR) of 1.03 (95% Cl = 1-
1.06, p = 0.024) and that higher ALSFRS-R scores were associated
with anincreased survival (aHR 0.94, 95% Cl =0.91 - 0.98, p = 0.001).
None of the tested PH Cox regression models showed that higher
plasma pNfH concentrations were independently associated with a
reduced survival in cases (aHR 1, 95% Cl = 1-1, p = 0.060).

4 | DISCUSSION
In the present study, we measured pNfH plasma level in ALS patients
and healthy controls in order to evaluate its diagnostic and prognos-
tic significance.

We found a significant increase of plasma pNfH in cases com-
pared to controls and we proposed an optimal cut-off (39.74 pg/ml)
for discrimination with a good sensitivity and specificity.
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FIGURE 3 Scatter plot showing plasma

pNfH levels (pg/ml, y-axis) in ALS cases 1500
in relation to the disease progression

rate (calculated as 48-ALSFRS/disease

duration, x-axis). p-value refers to

Spearman's rank correlation coefficient

test
1000

500

Plasma pNfH (pg/mL)

Our results are in line with previous studies that have consis-
tently shown that pNfH levels are significantly elevated in serum or
plasma of ALS patients compared to healthy and disease controls,
suggesting that axonal damage may be detected at an early stage of
the disease, even subclinical in familial ALS.81323-26 o variability of
measurement of pNfH levels is present between studies. The pres-
ence of conflicting results can be explained, in part, by the high vari-
ability in the methods for pNfH measurements, not yet completely
standardized; by different technologies used to measure the marker
(ELISA or Simoa technology), with different diagnostic performance,
but also, the study designs or the different ages of subjects enrolled
can affect the comparison of results.

In the last decade, several studies, performed in larger cohorts,
evaluated the diagnostic role of neurofilament subunits, above all
NfL and pNfH.>%%” NF concentration can be measured both in ce-
rebrospinal fluid (CSF) and in peripheral blood (plasma, serum), and
although NF serum/plasma concentrations are fivefold to ten-fold
lower compared to CSF, a correlation between serum/plasma and
CSF levels has been demonstrated.*>%?4%8 Both NfL and pNfH have
been proved to be promising diagnostic biomarkers for ALS, al-
though pNfH demonstrated a slightly higher performance than NfL
in CSF in differentiating ALS from disease mimics or other neuro-
logical diseases, in terms of sensitivity and specificity (sensitivity:
78-100% pNfH vs. 85.4%-96.2% NfL; specificity: 68.8-88.0% pNfH
vs. 53.5%-78.0% NfL), when measured with enzyme-linked immu-
nosorbent assay (ELISA).%?72° Moreover, pNfH in CSF performed
better than serum pNfH in ALS as a diagnostic biomarker (sensitiv-
ity: 88.2% vs. 71.8%,; specificity: 85.3% vs. 78.3%), and the possible
formation of aggregates in serum might explain the worse diagnos-
tic performance.24 It should be considered, in fact, that the precise
quantification of pNfH levels in biological samples, such as serum or
plasma, by immunoassay may be influenced by several issues: the
possible formation of pNfH aggregates, whereby the pNfH epitope

.
R=0.19,p=0.031

Disease Progression Rate

relevant for the immunoassay may be masked by the aggregate; the
reduced solubility of the pNfH aggregates; the protein stability of
pNfH monomers in solution, which could differ from the stability
of pNfH in the aggregates. This requires in some cases the protein
denaturation to overcome aggregation phenomena.30

We also explored the prognostic value of pNfH, and we found
that baseline plasma pNfH provided little additional prognostic
value beyond the effects of clinical predictors. It needs to be consid-
ered that, to date, most of the prognostic studies on NFs have been
single-centre, measuring either NfL or pNfH, performing measure-
ment on only one biofluid, blood or CSF, and using a single assay to
quantify neurofilament level, exploring either survival or functional
decline, and using prospectively collected ALSFRS-R data. The cor-
relation between NF levels and ALSFRS-R decline has been explored
in one recent study from a large cohort of patients with ALS and
related disorders which underwent careful longitudinal clinical phe-
notyping along with serial collection of biological samples, showing
baseline serum NfL concentration, but not pNfH, predicted the fu-
ture ALSFRS-R slope.3!

In our study, a weak/moderate but significant correlation be-
tween pNfH concentrations and the disease progression rate was
found, in line with previous investigations that reported an increase
of both serum and CSF pNfH in patients with a rapid disease pro-
gression.®!1% Shea et al have previously demonstrated that the
phosphorylation of NfH slows axonal transport and its interaction
with other cytoskeletal proteins, which may impact on disease
course.*? Ganesalingam and colleagues hypothesized that a more
aggressive course is associated with increased and prolonged cyto-
skeletal disruption within motor neurons resulting in the release of
higher pNfH levels in the cerebrospinal fluid.

However, a strong prognostic role of plasma pNfH is not
supported by our results. No differences in survival were found
after stratifying patients according to the protein median value.
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Furthermore, univariate and multivariate Cox regression mod-
els, corrected for well-characterized clinical prognostic factors,
demonstrated that plasma pNfH concentrations are not inde-
pendently associated with a reduced survival. This is in contrast
with the study of Benatar and coworkers which showed that pNfH
and NfL levels are the main predictors of patient survival.’! The
different results may be related to the fact that Benatar and col-
leagues used an ultrasensitive assay to quantify both pNfH and
NfL, so they dealt with a more precise measurement of the ana-
lytes’ concentration.

Even if both serum and CSF pNfH levels have been demon-
strated to correlate with disease progression in previous studies,
only the CSF levels were associated with the burden of upper (UMN)
and lower motor neuron (LMN) involvement, assessed by clinical and
neurophysiological examinations.®® Poesen et al. found a positive
correlation between CSF NFs and the number of affected regions
with both UMN and LMN involvement.® This is in contrast with our
results, in which plasma pNfH levels did not differ in ALS pheno-
types and were not influenced by the prevalence of UMN/LMN in-
volvement or by the number of affected regions.

In our study, plasma pNfH are somehow related to disease bur-
den. Although the correlation between plasma pNfH with parame-
ters of disease severity, such as the ALSFRS-R total score, was not
statistically significant, after stratifying cases according to median
ALSFRS-R, the group of patients with higher ALSFRS-R total score
had lower mean plasma pNfH levels. However, no correlation was
found between pNfH levels and clinical staging in our cohort, un-
derlying that plasma pNfH cannot be considered a good biomarker
of disease burden over time. Also in other studies, NF levels did not
mirror the progression through disease stages, remaining stable over
the disease course except a slight decrease in later stages.®*

Some limitations need to be considered in this study. Firstly,
healthy subjects have been used as control group. It would have
been extremely useful comparing cases also to ALS-mimic disor-
ders for a better application of the test in clinical practice. Secondly,
pNfH measurements in CSF were missing; for this reason it was
not possible to correlate the plasma levels of pNfH to CSF levels.
Furthermore, another limitation was the use of a classic ELISA
method for plasma quantification of pNfH. The analytical sensitivity
of classical ELISA assays may be not always sufficient to detect the
low NF concentrations in peripheral blood. The recent introduction
of new ultrasensitive assays, such as single-molecule array (Simoa),
allows detection at single-molecule level, significantly improving
analytical sensitivity,>® and their use in research is strongly recom-
mended. Another limitation to consider is the relatively small sample
size, which could have challenged the reliability of the more com-
plex models; however, the sample size was adequate for the paired
comparison of biomarkers’ levels between ALS and controls and in
estimating the optimal cut-off. Furthermore, the collection of sam-
ples at a single time point should also be considered: a prospective
longitudinal study that obtains serial samples from ALS patients to

observe the dynamic alterations of pNfH is highly recommended.

It would also be useful to have data from other biological mark-
ers. Due to the complexity of certain diseases and the diversity
of biomarkers, testing a single biomarker alone is not sufficient
to accurately diagnose and predict the disease. In addition, some
biomarkers are not specific for some diseases or physiological
changes, so it is sometimes necessary to test multiple biomarkers at
the same time. Multiple biomarker testing can contribute to a more
comprehensive understanding of various biological processes and
disease dynamics. The recent diagnostic approaches see the con-
comitant measurement of different biomarkers as a tool to improve
the diagnostic performance of NFs. A recent study showed that the
combined measurement of NfL and TAR DNA-binding protein-43
(TDP-43) on CSF had a higher diagnostic accuracy than NfL alone
for ALS cases compared to age-matched controls without neurode-
generative disease.3¢

On the contrary, the strengths of our study are as follows: 1—the
matching by age and sex, which reduces the age and sex differences
among the groups; 2—the use of plasma, that represents a complex
but more accessible alternative to CSF for monitoring the disease;
and 3—the use of data from a population-based cohort of patients,
representative of all cases from a population in a specific geographic
area.

To sum up, our findings confirmed the potential utility of plasma
pNfH as a diagnostic biomarker in ALS. However, further evaluations

in longitudinal data are needed to corroborate its prognostic value.

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest.

AUTHOR CONTRIBUTIONS

Chiara Zecca: Conceptualization (lead); Data curation (lead);
Methodology (lead); Project administration (lead); Writing - origi-
nal draft (lead); Writing - review & editing (lead). Maria Teresa
Dell'Abate: (lead); Data (lead);
Methodology (lead); Project administration (lead); Writing - origi-

Conceptualization curation
nal draft (lead); Writing - review & editing (lead). Giuseppe Pasculli:
Formal analysis (lead); Methodology (lead). Rosa Capozzo: Data
curation (supporting). Roberta Barone: Data curation (supporting).
Serena Arima: Formal analysis (supporting); Methodology (sup-
porting); Visualization (supporting). Alessio Pollice: Formal analysis
(supporting); Methodology (supporting); Visualization (supporting).
Vincenzo Brescia: Methodology (lead); Supervision (supporting).
Rosanna Tortelli: Conceptualization (lead); Data curation (lead);
Methodology (lead); Project administration (lead); Supervision
(lead); Writing - original draft (lead); Writing - review & editing
(lead). Giancarlo Logroscino: Conceptualization (lead); Funding ac-
quisition (lead); Methodology (lead); Project administration (lead);
Supervision (lead); Writing - review & editing (lead).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.



ZECCAET AL. 3615
WILEY
21. Roche JC, Rojas-Garcia R, Scott KM, et al. A proposed staging sys-

ORCID tem for amyotrophic lateral sclerosis. Brain. 2012;135:847-852.

Chiara Zecca "> https://orcid.org/0000-0002-7855-5714 22. Carey RN. Clinical and laboratory standards institute. User verification

of precision and estimation of bias: approved guideline. Clinical and

REFERENCES Laboratory Standards Institute; 2014.

. . . 23. Brettschneider J, Petzold A, Stissmuth SD, et al. Axonal damage

1. Brown RH, Al-Chalabi A. Amyotrophic lateral sclerosis. N Engl J markers in cerebrospinal fluid are increased in ALS. Neurology.
Med. 2017;377:162-172. 2006:66:852-856

2. Hardiman O, Al-Chalabi A, Chio A, et al. Amyotrophic lateral sclero- 24 De Séhaepdryver M, Jeromin A, Gille B, et al. Comparison of el-
sis. Nat Rev Dis P'nmers. 2017;3:17085' . . evated phosphorylated neurofilament heavy chains in serum and

3. vanEsMA, Hardiman O, Chio A, et al. Amyotrophic lateral sclerosis. cerebrospinal fluid of patients with amyotrophic lateral sclerosis. J
Lancet. 2017’390'2‘084_2098' . . . Neurol Neurosurg Psychiatry. 2018;89:367-373.

4. Matharan M, Mathis S, Bonabaud S, et al. Minimizing the diagnostic 25. McCombe PA, Pfluger C, Singh P, et al. Serial measurements of
delay in amyotrophic lateral sclerosis: the role of nonneurologist phosphorylated neurofilament-heavy in the serum of subjects with
practltloners. Neurol Res ’f’t' 2020;2‘0201147.3981" amyotrophic lateral sclerosis. J Neurol Sci. 2015;353:122-129.

5. Richards D, Morren JA, Pioro EP. Time to diagnosis and factors af- 26. Li D, Shen D, Tai H, et al. Neurofilaments in CSF as diagnostic
fecting diagnostic delay in amyotrophic lateral sclerosis. J Neurol biomarkers in motor neuron disease: A meta-analysis. Front Aging
Sci. 2020;417:117054. Neurosci. 2016:8:290

6. PoesenK, De Schaepdryver M Stubendorff B, et al. Neurofilament 27. Feneberg E, Oeckl P, Steinacker P, et al. Multicenter evaluation of
markers for ALS correlate with extent of upper and lower motor neurofilaments in early symptom onset amyotrophic lateral sclero-
neuron disease. Neurology. 2017;88:2302-2309. sis. Neurology. 2018:90:622-30

7. Kus.merova} P, Zeman D Hréd|lek P, etal. Ngurofllament I?VEIS in 28. Gaiottino J, Norgren N, Dobson R, et al. Increased neurofilament
F)ahents with neurollogu:al d|sea§es. A comparison of neurofilament light chain blood levels in neurodegenerative neurological diseases.
light and heavy chain levels. J Clin Lab Anal. 2019;33:22948. PLoS One. 2013:8:€75091

8. Petzold A. Neurofilament phosphoforms: surrogate markers for ax- 29. Falzone YM, Domi T, Agosta F, et al. Serum phosphorylated neuro-
ona'l injury, degeneration andiloss.J Neurol Sci. 2005,;233:183,'198' filament heavy-chain levels reflect phenotypic heterogeneity and

9. SFelnaclfer P, Feneberg E, Welshaupt J etal. l\!euroﬁlaments in the are an independent predictor of survival in motor neuron disease. J
diagnosis of motoneuron diseases: a prospective study on 455 pa- Neurol. 2020:267:2272-2280
tlents.._l Neurol f“ef‘"’surg Psychiatry. 2016;87:12-20. . . 30. LuC-H, Kalmar B, Malaspina A, et al. A method to solubilise protein

10. Tortelli R, Ruggieri M, Cortese R, et al. Elevated cerebrospinal fluid aggregates for immunoassay quantification which overcomes the
neurofilament light levels in patients with amyotrophic lateral scle- neurofilament “hook” effect. J Neurosci Methods. 2011:195:143-150
rosis: a possible marker of disease severity and progression. Eur J 31. Benatar M, Zhang L, Wang L, et al. Validation of serum neurofil-
Neurol. 2012;19:1561-156.7‘ . aments as prognostic and potential pharmacodynamic biomarkers

11. Lu C-H, Petzold A, Topping J, et al. Plasma neurofilament heavy for ALS. Neurology. 2020;95(1):e59-69
chain levels and disease progression in amyotrophic lateral sclero- 32. Shea TB, Jung C, Pant HC. Does neurofilament phosphorylation
sis: insights from a longitudinal study. J Neurol Neurosurg Psychiatry. regulate axonal transport? Trends Neurosci. 2003:26:397-400.
2015;86.:565-573' . - . 33. Gagliardi D, Meneri M, Saccomanno D, et al. Diagnostic and

12. Ganesalingam J, An J, Bowser R, et al. pNfH is a promising bio- Prognostic Role of Blood and Cerebrospinal Fluid and Blood
marker for ALS. Amyotroph Lateral Scler Frontotemporal Degener. Neurofilaments in Amyotrophic Lateral Sclerosis: A Review of the
2013;14:146-149. Literature. Int J Mol Sci. 2019;20.

13. Boylan KB, Glass JD, Crook JE, et al. Phosphorylated neurofilament 34. Menke RAL, Gray E, Lu C-H, et al. CSF neurofilament light chain
heavy 5“?“”'? (pNF-H).m peripheral PIOOd and CSF as.a potential reflects corticospinal tract degeneration in ALS. Ann Clin Trans|
prognostic biomarker in amyotrophic lateral sclerosis. J Neurol Neurol. 2015:2:748-755
Neurosurg Psy(:‘h:atry. 2013;84:467-472. . . . 35. Wilke C, Pujol-Calderén F, Barro C, et al. Correlations between

14. Brooks BR, Miller RG, Swash M, et al. El Escorial revisited: revised serum and CSF pNfH levels in ALS, FTD and controls: a com-
criteria for the diagnosis of amyotrophic lateral sclerosis. Amyotroph parison of three analytical approa’ches Clin Chem L.ab Med
Lateral Scler Other Motor Neuron Disord. 2000;1:293-299. 2019:57:1556-1564 ' '

15. Logroscino G, Beghi E, Zoccolella S, et al. Incidence of amyotrophic 36. Kasai T, Kojima Y, Ohmichi T, et al. Combined use of CSF NfL and
lateral sclerosis in southern Italy: a population based study. J Neurol CSF TDP-43 improves diagnostic performance in ALS. Ann Clin
Neurosurg Psychiatry. 2005;76:1094-1098. Trans| Neurol. 2019:6:2489-2502 '

16. Tortelli R, Copetti M, Panza F, et al. Time to generalisation as a ' o '
predictor of prognosis in amyotrophic lateral sclerosis. J Neurol
Neurosurg Psychiatry. 2016;87:678-679.

17. Tortelli R, Zecca C, Piccininni M, et al. Plasma Inflammatory SUPPORTING INFORMATION
CyFt‘)kines Are Elevated i.n ALS. Front Neurol. 2920;1125522954' Additional supporting information may be found in the online

18. Chio A, C?IVO A, Moglia C et al. Phe.notyplc heterogeneity of version of the article at the publisher’s website.
amyotrophic lateral sclerosis: a population based study. J Neurol
Neurosurg Psychiatry. 2011;82:740-746.

19. Cedarbaum JM, Stambler N, Malta E, et al. The ALSFRS-R: a re-
vised ALS functional rating scale that incorporates assessments of How to cite this article: Zecca C, Del’Abate MT, Pasculli G,
respiratory function. BDNF ALS Study Group (Phase Ill). J Neurol et al. Role of plasma phosphorylated neurofilament heavy
Sci. 1999:169:13-21. chain (pNfH) in amyotrophic lateral sclerosis. J Cell Mol Med.

20. Great Lakes ALS Study Group. A comparison of muscle strength

testing techniques in amyotrophic lateral sclerosis. Neurology.
2003;61:1503-1507.

2022;26:3608-3615. doi:10.1111/jcmm.17232



https://orcid.org/0000-0002-7855-5714
https://orcid.org/0000-0002-7855-5714
https://doi.org/10.1111/jcmm.17232

	Role of plasma phosphorylated neurofilament heavy chain (pNfH) in amyotrophic lateral sclerosis
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study population
	2.2|Procedures of assessment
	2.3|Sample collection and storage
	2.4|pNfH analysis
	2.5|Statistical analysis

	3|RESULTS
	3.1|Population characteristics
	3.2|Plasma pNfH levels in ALS and controls
	3.3|Correlation with demographic characteristics and clinical parameters and group differences in cases.
	3.4|Outcomes and survival analysis

	4|DISCUSSION
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


