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Objective: The objective of this study was to evaluate the prognostic value of several muscle damage biomarkers.
Methods: Data from Piemonte and Valle d’Aosta Amyotrophic Lateral Sclerosis (PARALS) were considered for this
study. Survival was defined as the time from diagnosis to death, tracheostomy, or the censoring date. Blood levels of
potassium, creatinine, creatine kinase, phosphorus, aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) diagnosis were evaluated as potential prognostic biomarkers. A Cox model was developed for each biomarker
and adjusted for sex, onset age, onset site, and diagnostic delay. Significant findings from PARALS were evaluated in
the Pooled Resource Open-Access Amyotrophic Lateral Sclerosis Clinical Trials (PRO-ACT) database. Additionally, a
joint model was constructed to evaluate the prognostic role of phosphatemia slope over time using longitudinal data
from PRO-ACT.
Results: A total of 1,444 and 1,023 patients were included in the PARALS and PRO-ACT cohorts, respectively. Only
creatinine (hazard ratio [HR] = 0.65, 95% confidence interval [CI] = 0.50–0.85) and phosphorus (HR = 1.14, 95%
CI = 1.04–1.24) showed a significant association with survival in the PARALS cohort. These findings were further vali-
dated in the PRO-ACT cohort (creatinine HR = 0.21, 95% CI = 0.13–0.35, p < 0.0001; phosphorus HR = 2.35, 95%
CI = 1.13–4.88, p = 0.02). Longitudinal data from the PRO-ACT database showed that an increase of 0.1 mmol/l per
month in phosphate levels was also associated with a HR of 8.26 (95% CI = 1.07–96.6, p = 0.044).
Interpretation: Creatininemia was confirmed as a prognostic marker in amyotrophic lateral sclerosis (ALS). Additionally,
both phosphatemia levels at diagnosis and its rate of change over time were identified as a potential prognostic
marker for ALS. As with other blood biomarkers, phosphate levels are cost-effective and minimally invasive to measure,
supporting their potential use in clinical trials.
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Amyotrophic lateral sclerosis (ALS) is a devastating dis-
ease, characterized by the relentless paralysis of volun-

tary muscles and ultimately leading to death, usually due
to respiratory failure. Although the median survival time
from symptoms onset to either death or tracheostomy is
typically 2 to 5 years,1 this period varies widely, ranging
from as short as a few months to more than 10 years.2

Understanding and accurately predicting this variability is
essential for patients and clinicians, and plays a crucial role
for optimizing the design of clinical trials.

The search for reliable prognostic factors remains
ongoing.3 Some factors, such as age and site of onset, the
phenotype at diagnosis, and certain genetic variants, are
well-established.2 However, one of the most reliable predic-
tors is the extent of disease-related damage at a given time-
point (usually the time of diagnosis).2,3 Over time, this
damage has been assessed through different clinical mea-
sures, including the total score of the revised ALS Functional
Rating Scale (ALSFRS-R),4 or more accurately, the slope of
its decline from onset to diagnosis,5 as well as the King’s
College staging system,6 the Medical Research Council
Scale,7 and pulmonary functional tests.8,9 Although the
decline in these measures may vary throughout the disease
course,10,11 it is generally accepted that lower scores at diag-
nosis typically indicate a poorer prognosis.2,3

Nonetheless, the ALSFRS-R have several limitations,
making it inadequate for precisely capturing the ongoing
damage to motor neurons. This is partly due to its discrete
nature (despite its use as a continuous measure) and its mul-
tidimensionality, which can result in patients with the same
total score exhibiting significantly different degree of impair-
ment.12,13 Consequently, significant efforts have been
directed toward the identification of biomarkers that can reli-
ably, sensitively, and objectively quantify the motor neuron
damage and serve as prognostic or predictive factors.14

Given that motor neuron impairment in ALS leads
to muscle wasting, any biomarker reflecting either acute
muscle damage or chronic muscle loss could potentially
serve as a prognostic biomarker in ALS.15

Accordingly, here, we utilized 2 large cohorts of
patients with ALS—one population-based and one multi-
centric, incorporating data from multiple clinical trials—
to assess the prognostic value of several muscle damage
biomarkers.

Methods
Patients from the Piemonte and Valle d’Aosta ALS
(PARALS) database register diagnosed between 2007 and
2019 were considered for the study. The register collects
data on patients diagnosed with ALS who were residents
of either Piemonte or Valle d’Aosta, Italy, at the time of

diagnosis. The primary data sources are the 2 ALS tertiary
centers located in Torino and Novara, with additional
information periodically obtained from the administrative
databases of major hospitals in both regions. Patients are
included in the PARALS if they meet the criteria for defi-
nite, probable, probable laboratory-supported, or possible
ALS according to the revised El Escorial Diagnostic
Criteria (EECr),16 at any stage of the disease.17 For this
study, patients diagnosed with primary lateral sclerosis
(PLS) were excluded.

At the 2 ALS tertiary centers, the diagnostic workup
includes a hematological examination, with blood samples
collected after overnight fasting. For patients diagnosed in
general neurological clinics (n = 44), hematological data
from the time of diagnosis were retrieved from the medical
records.

For the purposes of this study, we considered the
following hematological tests as potential markers of acute
or chronic muscle damage: creatinine (mg/dl), creatine
phosphokinase (IU/l), potassium (mmol/l), alanine amino-
transferase (ALT; IU/l), aspartate aminotransferase (AST;
IU/l), and phosphorus (mmol/l; hereinafter, interchange-
ably referred to as phosphorus or phosphate).18,19 To
improve interpretability, creatine phosphokinase levels
were divided by 100 (to measure the hazard ratio
[HR] for each 100 UI/l increase), whereas ALT and AST
levels were divided by 10 (HR for each 10 UI/l increase).
None of the patients included in the study had renal fail-
ure or were receiving riluzole at the time of blood testing.

Data from the Pooled Resource Open-Access
Amyotrophic Lateral Sclerosis Clinical Trials (PRO-ACT)
database were used to confirm our results. This open-
access database contains records from over 10,000 patients
who participated in 23 phase II/III clinical trials and
1 observational study. For our analysis, we selected
patients with available survival data and the specified
hematological tests taken within 90 days of study entry.
The data were obtained from the latest version of the
PRO-ACT database (August 1, 2022). To extract demo-
graphic, laboratory, and survival information, we merged
the ALS History, Death Data, Demographics, ALSFRS,
and Labs datasets using the “subject_id” as the key
identifier. Detailed information on the data contained in
PRO-ACT, as well as its inclusion and exclusion criteria,
is provided elsewhere.20

Statistical Analysis
Survival from diagnosis was considered in both cohorts as
it aligned with the timing of biomarker measurements,
which were taken at the time of diagnosis, and because
the diagnosis date is usually more precisely defined than
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the disease onset date. Accordingly, in the PARALS
cohort, survival was defined as the time from diagnosis to
death, tracheostomy, or the censoring date (set as
December 31, 2023). Comparisons of medians (reported
with interquartile ranges [IQRs]) and proportions were
assessed using the Mann–Whitney test and Chi-square
test, respectively. Survival analyses were performed using
the Kaplan–Meier method and compared with the log
rank test.

After verifying the proportional hazards assumption
with the Schoenfeld test, multiple Cox proportional haz-
ards regression models were constructed for each blood
marker of interest (considered as a continuous variable).
These models were adjusted for sex, age at onset, diagnos-
tic delay (defined as the time from symptom onset to
diagnosis, expressed in months), and site of onset (catego-
rized as bulbar or spinal). The HRs with 95% confidence
intervals (95% CIs) were calculated. A p value of < 0.05
was considered statistically significant, with Bonferroni
correction applied for multiple testing (p < 0.008). Given
the potential correlation between blood phosphate levels
and respiratory acidosis, we also calculated Spearman’s
Rho between phosphate levels and force vital capacity
(FVC) measured at diagnosis.

Blood markers that were found to be statistically sig-
nificant in the PARALS cohort were subsequently evalu-
ated in the PRO-ACT database. In the PRO-ACT cohort,
survival was defined as the time from diagnosis to either
death or the last follow-up date. The Cox model was
adjusted for sex, age at onset, diagnostic delay (time from
symptom onset to diagnosis, expressed in months), and
site of onset (categorized as bulbar or spinal). Creatinine
levels were converted from μmol/l to mg/dl in order to
ensure consistency with the PARALS cohort.

After having assessed the prognostic role of baseline
phosphorus levels, we leveraged the availability of longitu-
dinal measurements in the PRO-ACT database to evaluate
whether the slope of phosphorus levels over time also was
prognostic of ALS survival. To achieve this, we first used a
linear mixed-effects model with phosphorus levels as the
dependent variable, adjusting for the same patient charac-
teristics as the fixed effects. Time from trial entry was
modeled as a random slope, whereas patient ID
was included as a random intercept. Next, we constructed
a Cox proportional hazards model incorporating the same
independent predictors of ALS survival as previous Cox
models. Finally, a joint model was fitted to simultaneously
account for the longitudinal phosphorus trajectories and
their association with survival. The model estimation was
performed using a Markov Chain Monte Carlo (MCMC)
approach with 12,000 iterations, a burn-in period of
2,000 iterations, and a thinning interval. We explored

models incorporating time-dependent slopes (ie, phospho-
rus trajectories) with and without the effect of the current
phosphorus value. Model selection was guided by the
Deviance Information Criterion (DIC), the Watanabe-
Akaike Information Criterion (WAIC), and the Log
Pseudo-Marginal Likelihood (LPML). HRs with 95% CIs
and corresponding p values from the selected model were
reported.

The study was approved by the Ethical Committee
of the Turin ALS Center (Comitato Etico Azienda
Ospedaliero-Universitaria Città della Salute e della
Scienza, Torino, #0038876).

Results
A total of 1,797 patients were diagnosed during the study
period within the PARALS cohort. Blood test results were
available for 1,444 (80.4%) patients (Table 1), with no
relevant clinical or demographic differences between those
included in the analysis and those who were not
(Supplementary Table S1). Each biomarker was available
for a different subset of patients (Supplementary
Table S2) and there were no relevant differences between
patients with available data and those without
(Supplementary Tables S3 and S4; only comparisons for
phosphorus and creatinine are reported). During the
follow-up period, 1,128 (78.1%) patients died, whereas
205 (14.2%) underwent tracheostomy (among these, only
11, 0.7%, were alive at the time of censoring), with a
median survival time from diagnosis of 1.65 years
(IQR = 0.79–3.09 years).

In the PARALS cohort, only creatinine and phospho-
rus were significantly correlated with survival from the time
of diagnosis, after accounting for multiple testing (Table 2).
The median creatinine level was 0.74 mg/dl (IQR = 0.61–
0.88 mg/dl). Median survival increased between the first
and second tertiles of creatinine levels (from 1.4 to
1.76 years), before slightly decreasing in the third tertile
(1.64 years). When analyzed as a continuous variable, creat-
inine was associated with survival with an adjusted HR of
0.65 (95% CI = 0.50–0.85, p = 0.001). Given that men
generally have higher muscle mass than women, we also
conducted a sex-specific analysis for creatininemia. The
results were consistent with the overall cohort, showing an
HR of 0.69 (95% CI = 0.51–0.93, p = 0.017) for men,
and an HR of 0.59 (95% CI = 0.36–0.97, p = 0.037) for
women. Conversely, phosphorus levels were inversely corre-
lated with survival, which declined steadily across its tertiles
(from 1.86 to 1.72 to 1.64 years), with an adjusted HR of
1.14 (95% CI = 1.05–1.24, p = 0.001; see Table 2 and
the Fig). Phosphorus levels were generally within the nor-
mal range, with a median value of 1.1 mmol/l
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(IQR = 1.00–1.20), except for 1 patient who had elevated
levels (4.8 mg/dl). A total of 860 (59.5%) patients had
both phosphate levels and FVC measurement at the time
of diagnosis, but no correlation was observed between these
2 measures (rho = � 0.04, p = 0.19).

In the PRO-ACT database, 1,023 patients had data
on survival, model covariates, and creatinine, whereas
638 patients had data on survival, covariates, and phos-
phorus. As expected, the clinical and demographic charac-
teristics of the PRO-ACT cohort differed from those of
the PARALS cohort, with PRO-ACT patients more often
being men, younger at disease onset, and more likely to
present with spinal onset (see Table 1). In the creatinine
cohort, 499 patients (49.8%) died, with a median survival
of 0.67 years (IQR = 0.40–0.92 years). In the phospho-
rus cohort, 367 patients (57.5%) died, with a median sur-
vival of 0.70 years (IQR = 0.39–0.96 years). The
multivariable analysis confirmed the prognostic value of
both creatinine and phosphorus levels with an adjusted
HR of 0.21 (95% CI = 0.13–0.35, p < 0.0001) and 2.35

(95% CI = 1.13–4.88, p = 0.02), respectively. Accord-
ingly, survival increased steadily across creatinine tertiles
(from 0.84 to 1.02 to 1.03 years), whereas it decreased,
albeit not linearly, across phosphorus tertiles (from 0.97
to 0.99 to 0.92 years).

In the PRO-ACT database, 578 patients had at least
2 longitudinal phosphorus measurements, with a median
of 5.5 evaluations over a median follow-up of 182 days
from clinical entry. After fitting the joint models and eval-
uating the information criteria, we selected the model that
included only the time-dependent slope of phosphate
levels (Supplementary Table S5). According to this model,
an increase of 0.1 mmol/l per month in phosphate levels
was associated with an HR of 8.26 (95% CI = 1.07–
96.6, p = 0.044).

Discussion
Using a large population-based cohort of patients with
ALS, we assessed the prognostic value of various blood

TABLE 2. Cox Univariate and Multivariable Model in the PARALS Cohort

Blood Biomarker

Univariate Analysis Multivariable Analysis

HR (95% CI) p Adjusted HR (95% CI) p

Creatine kinase 0.96 (0.93–0.99) 0.010 0.98 (0.95–1.00) 0.089

Creatinine 0.98 (0.8–1.18) 0.796 0.65 (0.50–0.85) 0.001

Phosphorus 1.15 (1.06–1.24) < 0.001 1.14 (1.05–1.24) 0.001

Potassium 1.01 (0.99–1.03) 0.241 1.00 (0.99–1.02) 0.611

AST 1.04 (0.99–1.09) 0.094 1.04 (0.99–1.09) 0.083

ALT 1.00 (0.98–1.03) 0.834 1.01 (0.99–1.04) 0.309

Note: The figures in bold refer to statistically significant results.
ALT = alanine aminotransferase; AST = aspartate aminotransferase; 95% CI = 95% confidence interval; HR = hazard ratio.

TABLE 1. Demographical and Clinical Characteristic of Patients Included in the PARALS and PROACT Cohorts

PARALS Cohort
(n = 1,444)

PROACT Creatinine
Cohort (n = 1,023) p

PROACT Phosphorus
Cohort (n = 638) p

Sex, M (%) 812 (56.2) 634 (62.0) 0.005 393 (61.6) 0.025

Onset age, yr, median (IQR) 68.7 (60.8–74.7) 58.0 (51.0–66.0) < 0.001 58.0 (51.0–65.0) < 0.001

Onset site, spinal (%) 958 (66.3) 802 (78.4) < 0.001 495 (77.6) < 0.001

Diagnostic delay,
mo median (IQR)

9.6 (5.6–13.6) 9.1 (5.6–14.1) 0.321 8.8 (5.3–12.9) 0.027

Note: The figures in bolds refer to statistically significant results.
IQR = interquartile range.
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markers related to muscle damage and loss. Among the
6 biomarkers tested at the time of diagnosis, only creati-
nine (HR = 0.65) and phosphate levels (HR = 1.14)
were significantly associated to survival. Using data from
the PRO-ACT database, we confirmed the positive rela-
tionship of creatinine levels and the negative relationship
of phosphorus with survival in patients enrolled in multi-
ple clinical trials. Furthermore, based on longitudinal mea-
surements from the PRO-ACT database during trial
follow-up, we found that the rate of increase in phospho-
rus levels over time (ie, the slope) was also negatively asso-
ciated with ALS prognosis (HR = 8.26 per 0.1 mmol/L
increase per month), as previously found for the slope of
creatinine levels.21

There is an unmet need for reliable prognostic bio-
markers in ALS, providing patients with more accurate
predictions and aiding physicians in planning treatment
and care more effectively. More importantly, objective
biomarkers could significantly improve clinical trial design
by enabling patient stratification based on disease progres-
sion rate, which would enhance statistical power and
reduce study costs.21 Additionally, biomarkers could serve
as objective and easy-to-measure end points, as opposed to
fatal and functional end points commonly used in current
studies.21,22 In some cases, biomarkers may also cluster
patients based on distinct disease mechanisms, potentially
identifying therapeutic targets.14 Finally, in asymptomatic

patients carrying pathogenetic ALS variants, biomarkers
could predict the symptoms onset, aiding the timely appli-
cation of targeted therapies.14

Whereas neurofilaments light chain (NfL) currently
represent the most prominent example of a biomarker
being implemented as an end point in ALS clinical
trials,23 many other wet, imaging, and neurophysiology
biomarkers are under active investigation.14 In a field with
so many needs, it is unlikely that any single biomarker will
address all of them.

Markers of muscle damage could meet some of these
goals.15 Although not ideal for discovering new pathoge-
netic mechanisms, these markers could be valuable for
objectively tracking disease progression in both symptom-
atic and presymptomatic patients. They could also help
stratify patients for clinical trials and serve as a reliable pri-
mary or secondary outcome.

A variety of markers of muscle involvement has been
investigated as potential prognostic biomarkers for ALS,
including potassium,24,25 creatine kinase,15,24,26 lactate
dehydrogenase,24 myoglobin,15 troponin T,15,27 AST,
ALT,24 and creatinine.21,25,28–30

In this context, the prognostic role of creatinine we
observed in this study was not unexpected. Creatinine is a
byproduct of creatine phosphate breakdown in muscles
and is excreted unchanged by the kidneys. Therefore,
whereas it is often used as an indicator of renal function,

FIGURE: Kaplan–Meier curves and risk tables stratified according to creatinine (A) and phosphorus (B) tertiles in the PARALS
cohort. Grey = lower tertiles; yellow = medium tertiles; blue = higher tertiles. PARALS = Piemonte and Valle d’Aosta
Amyotrophic Lateral Sclerosis.
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it also reflects overall muscle mass. The direct relationship
between creatinine levels at diagnosis and survival in
patients with ALS has already been demonstrated in a
smaller subgroup of the PARALS cohort. In patients diag-
nosed between 2007 and 2011, creatinine levels below
0.82 mg/dl for men and 0.65 mg/dl for women were asso-
ciated with a reduced survival (HR = 1.49 and
HR = 1.47, respectively).28 In the PRO-ACT cohort, both
baseline creatinine levels20,29 and their longitudinal decline
were associated with mortality, as well as more rapid decline
of ALSFRS-R and muscle strength.21 These findings have
been replicated across several real-world cohorts,25,31,32 also
reporting a significant correlation between creatinine levels
and lower motor neuron damage.33 Two systematic reviews
further confirmed that baseline creatinine decline is
inversely correlated with functional score deterioration30

and directly correlated with survival.34

In contrast, phosphate is not typically included in
the routine blood panels of patients with ALS in real-
world settings, and therefore has not been considered in
prior analyses. It has only been featured in a few studies
utilizing data from the PRO-ACT database, where
machine learning algorithms were applied to predict ALS
survival or intermediate milestones. In these studies, phos-
phorus was identified as a significant contributor to accu-
rate predictions of ALS progression.35–37

Phosphorus, absorbed primarily in the small intestine,
is mostly stored in bones, with about 10% located in soft
tissues like the liver and skeletal muscle, and about 5% cir-
culating in the blood as phosphate. Beyond its structural role
as a component of hydroxyapatite in bones, phosphorus is a
building block of phospholipids, a component of nucleotides
in DNA and RNA and crucial for cellular energy metabo-
lism, as it is contained in the adenosine triphosphate (ATP)
molecule. Phosphorus metabolism is regulated by several fac-
tors, including parathyroid hormone (PTH), which increases
its release from bones and promotes renal excretion to pre-
vent calcium phosphate crystal formation; fibroblast growth
factor 23 (FGF23), which also enhances renal excretion;
vitamin D, which boosts intestinal absorption; and insulin,
which drives phosphate into cells. As a result, there are mul-
tiple causes of hyperphosphatemia, including excessive intake
(often iatrogenic or dietary in the context of chronic kidney
disease), decreased renal excretion (as seen in renal failure),
or abnormal transcellular shifts, such as in rhabdomyolysis,
tumor lysis, or hypoinsulinemia.38,39 Chronic respiratory
acidosis may also elevate phosphate levels due increased cel-
lular efflux.38

The aim of this study was to identify prognostic fac-
tors, rather than establish causal relationship with ALS
survival. However, among the factors that can elevate
phosphate levels, muscle damage represents a plausible

confounder explaining the observed association between
phosphate levels and survival. Although we cannot rule
out the potential role of respiratory acidosis, which can
occur in patients with ALS, the lack of correlation
between phosphate levels and respiratory function tests
makes this possibility less likely.

Although muscle damage is a likely explanation, we
acknowledge the absence of data on insulin levels. More-
over, due to the study’s observational design, we cannot
fully exclude that higher levels of phosphate themselves
might reduce survival. In fact, in patients with chronic
renal failure, hyperphosphatemia—or even increased levels
within the normal range—has been associated with
increased mortality, likely due to vascular calcification and
a higher risk of cardiovascular complications.40 However,
it must be noted that cardiovascular events are known to
be infrequent in the ALS population.41

The population-based design of the PARALS cohort
and the use of another independent large cohort are signifi-
cant strengths of this study, but some limits must be
acknowledged. First, the absence of longitudinal data in the
PARALS cohort prevented us from confirming the prognos-
tic role of the phosphate level slopes over time and from
obtaining a more precise estimate, given the wide CIs in the
PRO-ACT database. This also limits our ability to determine
if interventions, such as riluzole treatment, multidisciplinary
care, or early treatment with noninvasive ventilation might
influence phosphate levels. Additionally, although the study
was population-based, phosphate measurements were only
available for a subset of patients. Despite this, the lack of sig-
nificant differences between included and excluded patients
based on available characteristics suggests that selection bias
is unlikely. Last, the PRO-ACT cohort showed notably dif-
ferent HRs for both creatinine and phosphate. This discrep-
ancy likely reflects the well-known selection bias in clinical
trials or confounders differing across the 2 cohorts and that
were not included in the models.

In conclusion, our findings confirm that creatinine
levels at diagnosis may serve as a prognostic marker in
ALS. More importantly, we report for the first time that
phosphate levels at diagnosis and its rate of change over
time may also act as a prognostic marker, possibly due to
its association with muscle damage. However, further
studies are needed to confirm this explanation. Like other
blood biomarkers, phosphate levels offer the advantages of
being cost-effective and minimally invasive, positioning it
as a promising candidate for use in clinical trials.

Acknowledgments
This work was in part supported by the Italian Ministry
of Health (Ricerca Sanitaria Finalizzata, grant RF-

6 Volume 00, No. 0

ANNALS of Neurology



2016-02362405, and project PERMEALS, PNRR-MAD-
2022-12375731), the European Commission’s Health Sev-
enth Framework Programme (FP7/2007-2013 under grant
agreement 259867), the Italian Ministry of Education,
University and Research (Progetti di Ricerca di Rilevante
Interesse Nazionale, PRIN, grant 2017SNW5MB), the
European Union’s Horizon 2020 research and innovation
programme (Brainteaser Project, grant GA101017598, and
Hereditary Project, grant 101137074). It was also
supported by the Department of Excellence grant of the
Italian Ministry of University and Research to the “Rita
Levi Montalcini” Department of Neuroscience, University
of Torino, Italy, and the AGING Project for Department
of Excellence at the Department of Translational Medicine
(DIMET), Università del Piemonte Orientale, Novara,
Italy.

Authors Contributions
R.V. contributed to the conception and design of the
study, to the acquisition and analysis of data, and to
drafting of the text and preparing the figures.
E.K. contributed to the design of the study design, to the
analysis of data and to drafting the text. A.Can., U.M.,
M.G., F.P., S.C., E.M., F.D.P., F.D.Mat., F.V., J.M.,
C.S., I.M., F.D.Mar., L.M., C.M., A.Cal., and A.Chi.
contributed to acquisition of data and to drafting of
the text.

Potential Conflicts of Interest
Nothing to report.

Data Availability
Data are available to interested researchers upon motivated
and reasonable request.

References
1. Su W-M, Cheng Y-F, Jiang Z, et al. Predictors of survival in patients

with amyotrophic lateral sclerosis: a large meta-analysis.
EBioMedicine 2021;74:103732.

2. Chiò A, Logroscino G, Hardiman O, et al. Prognostic factors in ALS:
a critical review. Amyotroph Lateral Scler 2009;10:310–323.

3. Goutman SA, Hardiman O, Al-Chalabi A, et al. Recent advances in
the diagnosis and prognosis of amyotrophic lateral sclerosis. Lancet
Neurol 2022;21:480–493.

4. Cedarbaum JM, Stambler N, Malta E, et al. The ALSFRS-R: a revised
ALS functional rating scale that incorporates assessments of respira-
tory function. BDNF ALS study group (phase III). J Neurol Sci 1999;
169:13–21.

5. Kimura F, Fujimura C, Ishida S, et al. Progression rate of ALSFRS-R at
time of diagnosis predicts survival time in ALS. Neurology 2006;66:
265–267.

6. Introna A, Milella G, Morea A, et al. King’s college progression rate
at first clinical evaluation: a new measure of disease progression in
amyotrophic lateral sclerosis. J Neurol Sci 2021;431:120041.

7. Magnus T, Beck M, Giess R, et al. Disease progression in
amyotrophic lateral sclerosis: predictors of survival. Muscle Nerve
2002;25:709–714.

8. Calvo A, Vasta R, Moglia C, et al. Prognostic role of slow vital capac-
ity in amyotrophic lateral sclerosis. J Neurol 2020;267:1615–1621.

9. Czaplinski A, Yen AA, Appel SH. Forced vital capacity (FVC) as an
indicator of survival and disease progression in an ALS clinic popula-
tion. J Neurol Neurosurg Psychiatry 2006;77:390–392.

10. Gordon PH, Cheng B, Salachas F, et al. Progression in ALS is not lin-
ear but is curvilinear. J Neurol 2010;257:1713–1717.

11. Vasta R, D’Ovidio F, Canosa A, et al. Plateaus in amyotrophic lateral
sclerosis progression: results from a population-based cohort. Eur J
Neurol 2020;27:1397–1404.

12. van Eijk RPA, de Jongh AD, Nikolakopoulos S, et al. An old friend
who has overstayed their welcome: the ALSFRS-R total score as pri-
mary endpoint for ALS clinical trials. Amyotroph Lateral Scler
Frontotemporal Degener 2021;22:300–307.

13. Rooney J, Burke T, Vajda A, et al. What does the ALSFRS-R really
measure? A longitudinal and survival analysis of functional dimension
subscores in amyotrophic lateral sclerosis. J Neurol Neurosurg Psy-
chiatry 2017;88:381–385.

14. McMackin R, Bede P, Ingre C, et al. Biomarkers in amyotrophic lat-
eral sclerosis: current status and future prospects. Nat Rev Neurol
2023;19:754–768.

15. Vidovic M, Lapp HS, Weber C, et al. Comparative analysis of neuro-
filaments and biomarkers of muscular damage in amyotrophic lateral
sclerosis. Brain Commun 2024;6:fcae288. https://doi.org/10.1093/
braincomms/fcae288.

16. Brooks BR. El Escorial world Federation of Neurology criteria for the
diagnosis of amyotrophic lateral sclerosis. J Neurol Sci 1994;124:96–
107. https://doi.org/10.1016/0022-510X(94)90191-0.

17. Chiò A, Mora G, Moglia C, et al. Secular trends of amyotrophic lat-
eral sclerosis: the Piemonte and Valle d’Aosta register. JAMA Neurol
2017;74:1097–1104.

18. Brancaccio P, Lippi G, Maffulli N. Biochemical markers of muscular
damage. Clin Chem Lab Med 2010;48:757–767.

19. Huerta-Alardín AL, Varon J, Marik PE. Bench-to-bedside review:
rhabdomyolysis—an overview for clinicians. Crit Care 2005;9:
158–169.

20. Atassi N, Berry J, Shui A, et al. The PRO-ACT database: design, ini-
tial analyses, and predictive features. Neurology 2014;83:1719–
1725.

21. van Eijk RPA, Eijkemans MJC, Ferguson TA, et al. Monitoring disease
progression with plasma creatinine in amyotrophic lateral sclerosis
clinical trials. J Neurol Neurosurg Psychiatry 2018;89:156–161.

22. Chiò A, Traynor BJ. Motor neuron disease in 2014. Biomarkers for
ALS--in search of the promised land. Nat Rev Neurol 2015;11:72–74.

23. Miller TM, Cudkowicz ME, Genge A, et al. Trial of antisense oligonu-
cleotide Tofersen for SOD1 ALS. N Engl J Med 2022;387:1099–
1110.

24. Gentile F, Maranzano A, Verde F, et al. The value of routine blood
work-up in clinical stratification and prognosis of patients with
amyotrophic lateral sclerosis. J Neurol 2024;271:794–803.

25. Sun J, Carrero JJ, Zagai U, et al. Blood biomarkers and prognosis of
amyotrophic lateral sclerosis. Eur J Neurol 2020;27:2125–2133.

26. Gao J, Dharmadasa T, Malaspina A, et al. Creatine kinase and prog-
nosis in amyotrophic lateral sclerosis: a literature review and multi-
centre cohort analysis. J Neurol 2022;269:5395–5404.

27. Koch T, Fabian R, Weinhold L, et al. Cardiac troponin T as a serum
biomarker of respiratory impairment in amyotrophic lateral sclerosis.
Ann Clin Transl Neurol 2024;11:2063–2072.

7

Vasta et al: Phosphatemia is an ALS prognostic factor

https://doi.org/10.1093/braincomms/fcae288
https://doi.org/10.1093/braincomms/fcae288
https://doi.org/10.1016/0022-510X(94)90191-0


28. Chiò A, Calvo A, Bovio G, et al. Amyotrophic lateral sclerosis out-
come measures and the role of albumin and creatinine: a
population-based study. JAMA Neurol 2014;71:1134–1142.

29. Huang B, Geng X, Yu Z, et al. Dynamic effects of prognostic factors
and individual survival prediction for amyotrophic lateral sclerosis
disease. Ann Clin Transl Neurol 2023;10:892–903.

30. Lanznaster D, Bejan-Angoulvant T, Patin F, et al. Plasma creatinine
and amyotrophic lateral sclerosis prognosis: a systematic review and
meta-analysis. Amyotroph Lateral Scler Frontotemporal Degener
2019;20:199–206.

31. Lunetta C, Lizio A, Melazzini MG, et al. Amyotrophic lateral sclerosis
survival score (ALS-SS): a simple scoring system for early prediction
of patient survival. Amyotroph Lateral Scler Frontotemporal Degener
2015;17:93–100.

32. Paillisse C, Lacomblez L, Dib M, et al. Prognostic factors for survival
in amyotrophic lateral sclerosis patients treated with riluzole.
Amyotroph Lateral Scler Other Motor Neuron Disord 2005;6:37–44.

33. Hertel N, Kuzma-Kozakiewicz M, Gromicho M, et al. Analysis of rou-
tine blood parameters in patients with amyotrophic lateral sclerosis
and evaluation of a possible correlation with disease progression-a
multicenter study. Front Neurol 2022;13:940375.

34. Nona RJ, Henderson RD, Mccombe PA. Routine blood biochemical
biomarkers in amyotrophic lateral sclerosis: systematic review and

cohort analysis. Amyotroph Lateral Scler Frontotemporal Degener
2025;26:303–321.

35. Küffner R, Zach N, Norel R, et al. Crowdsourced analysis of clinical
trial data to predict amyotrophic lateral sclerosis progression. Nat
Biotechnol 2015;33:51–57.

36. Zandonà A, Vasta R, Chiò A, Di Camillo B. A dynamic Bayesian net-
work model for the simulation of amyotrophic lateral sclerosis pro-
gression. BMC Bioinformatics 2019;20:118.

37. Din Abdul Jabbar MA, Guo L, Nag S, et al. Predicting amyotrophic
lateral sclerosis (ALS) progression with machine learning. Amyotroph
Lateral Scler Frontotemporal Degener 2024;25:242–255.

38. Crees Z, Fritz C, Heudebert A, et al. The Washington manual of
medical therapeutics. 36th ed. Philadelphia: Wolters Kluwer, 2020.

39. Wagner CA. The basics of phosphate metabolism. Nephrol Dial
Transplant 2024;39:190–201.

40. Ga B, Te H-S, Nw L, Fk P. Association of serum phosphorus and
calcium � phosphate product with mortality risk in chronic hemodial-
ysis patients: a national study. Am J Kid Dis 1998;31:607–617.

41. Abdel Magid HS, Topol B, McGuire V, et al. Cardiovascular dis-
eases, medications, and ALS: a population-based case-control
study. Neuroepidemiology 2022;56:423–432. https://doi.org/10.
1159/000526982.

8 Volume 00, No. 0

ANNALS of Neurology

https://doi.org/10.1159/000526982
https://doi.org/10.1159/000526982

	 Phosphatemia is an Independent Prognostic Factor in Amyotrophic Lateral Sclerosis
	Methods
	Statistical Analysis
	Results
	Discussion
	Acknowledgments
	Authors Contributions
	Potential Conflicts of Interest
	Data Availability
	References


