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Abstract

Age-related neurological disorders such as ALS (Lou Gehrig’s disease), Parkinson’s disease, and Alzheimer’s
disease have few truly effective treatment options. At best, these may slow the inexorable disease
progression without providing a cure. Part of the problem with therapeutic approaches may arise due to
the stage at which these diseases are detected, particularly the sporadic forms. In most cases, early signs
and symptoms may be insidious, thus hiding the significant damage done to the areas of the nervous system
impacted prior to any firm clinical diagnosis. This situation appears to necessitate the development of
earlier detection methods for “biomarkers” that might allow for much earlier phase disease state
treatments that might serve to significantly slow or even halt disease progression. Currently, most
biomarkers in use serve primarily as aids to disease diagnosis, at which point there are no successful
treatment options. In contrast, a search for more effective early treatment options would need to identify
characteristic and specific molecular signatures of disease onset and progression using methods that are
simple, such as blood-based analytical assays, relatively cheap, and crucially minimally invasive.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neurological disorder in which motor neurons in the spinal cord
and motor cortex degenerate [1, 2], leading eventually to the loss of motor function, including that for the
diaphragm. In turn, the loss of innervation to the diaphragm leads inevitably to ventilatory failure; forced
ventilation eventually leads to secondary bacterial infections, including pneumonia [3]. Patient death
typically occurs within 5 years, although longer survival in some patients occurs [4, 5].
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There are currently no “cures” for ALS, despite a multitude of failed attempts [6]. Of the three approved
drugs available for treatment of sporadic ALS in North America in 2024, none show more than a modest
slowing of disease progression [7-9], with riluzole having the only real efficacy, as modest as that has been
[4].

ALS incidence in North America is 2-3/100,000 [10]. Most cases of ALS are sporadic, that is, of
unknown origin, with less than 10% of all cases owing to inherited genetic mutations. In spite of this, the
focus of research over the last 35 years, and even more recently, has been on the genetic “familial” cases,
although it remains unclear if the molecular events leading to motor neuron death in familial ALS are
identical in all features to the sporadic cases.

Recent work has highlighted the possibility that non-coding regions of the genome may be involved,
reinforcing an older notion that ALS arises due to some combination of genetic and environmental
interactions of unknown type(s) [11, 12]. It is also becoming apparent that ALS is a multisystem disorder
affecting not only motor neurons in the nervous system, but also peripheral tissues such as skin and muscle.
The literature on changes in skin structure, particularly collagen, goes back to the observations of Charcot
on the absence of bed sores in ALS patients and extends to more recent research from Japanese
investigators [13-15].

In ALS, some estimates report the loss of over 60% of motor neurons prior to clinical diagnosis. It
remains unclear, however, if the apparent loss of motor neurons represents the actual degeneration of this
percentage of motor neurons or may instead reflect a loss of “functional” motor neurons in which some
neurons that have not actually degenerated may actually be recoverable. This notion ties in with a view that
some neurons are in a state termed “idling neurons” and may still be alive, albeit non-functional [16, 17].

Early phase detection of biomarkers

A second key problem is that the longer the degeneration process has been extant, the number of neural
dysfunctions has inevitably increased in a non-linear manner. A disease in which a continuously acting,
single insult successively kills motor neurons until reaching the threshold for motor dysfunction would be a
simpler situation. However, the progressive nature of motor neuron loss/dysfunction, likely due to a
cascade of pathological events, would necessarily involve multiple therapeutic interventions and thus be
likely unsuccessful [18, 19]. Given this, it becomes difficult to imagine a successful ALS “cocktail” of
molecules capable of halting multiple pathological biochemical pathways without also triggering myriad
inevitable side effects.

A potential solution, perhaps the most feasible one, lies in the earliest possible detection of
molecular/cellular events that might predispose an individual to the development of ALS (or any
neurological disease) in the first place, or those events that occur in the initial stages of the disease prior to
clinical detection. Some examples might include various signaling pathways such as those involved in
protein phosphorylation or cytokine activation [20].

While such early molecular and cellular events remain largely unknown (save perhaps those traceable
to specific, mutant ALS genotypes), early detection of the molecular unpinning of ALS might indeed be
crucial to any effective treatment. As noted above, a fundamental problem for any therapeutic strategy for
ALS (or any of the other age-related neurological diseases) is the extent of neural damage that occurs prior
to clinical detection, for the neural injuries compound and multiply faster than symptom severity grows
[11].

In recent years, there has been considerable speculation concerning biomarkers of the disease process
[6, 21-23]. Such biomarkers might be molecular or cellular alterations that can be detected by biochemical
means or by measurements of neural activity. It is important here to distinguish the various ways
biomarkers have or might be used. For example, biomarkers of whatever type can be used as an aid to
clinical diagnosis once a preliminary set of signs and symptoms suggests the presence of a particular
disease. Or, in disease treatment, biomarkers might be used to evaluate both disease progression and the
efficacy of any potential treatment. Most challenging, however, would be the development of biomarkers
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detectable prior to clinical diagnosis, when the most effective treatments might be initiated (as described
above).

The most common ALS biomarker measures currently are those used to further validate preliminary
disease diagnoses [24]. For example, electrophysiological measurements of neural activity, such as axon
conduction [25], biochemical analysis of relevant biofluids [26], and magnetic resonance imaging (MRI) or
positron emission tomography (PET)-based imaging of CNS tissue [27, 28] have provided reliable
assistance in diagnostic confirmation (see Table 1). While valuable information can be obtained in such
analyses, the fact that none of the age-related neurological diseases are “curable” post-diagnosis may mean
that potential treatment options that might have been successful at earlier disease stages are not
deliverable in a timely manner.

Table 1. Selected ALS biomarker candidates, with possible usage.

Biomarker methodology Intended analyses =~ Commonly Biomarkers of Reference(s)
measured tissues particular interest

Imaging biomarkers

MRI-DTI: FA, MD as proxies of white- diagnosis, CST, esp. + [27, 44]

matter fiber/axonal integrity progression brainstem

["®F]FEDV-PET: high spatial-resolution diagnosis, prediction? CSF diffuses + [28]

index of excessive oxidative stress through the BBB

['®F]JFDG-PET: index of reduced oxidative  diagnosis? CSF diffuses [45]

respiration (low ATP) prognosis? through the BBB

Physiologic biomarkers

MScanFIT MUNE progression various muscles [25, 45]

MUNIX progression, various muscles [45, 46]
prediction?

EIM progression various muscles [45]

Chemical biomarkers

Protein immunoassay (suggested method)

(Simoa®): NF-L prediction, diagnosis, CSF + [32, 33]
prognosis? blood + [32, 33]
(MSD): pNF-H requires further study CSF [32]
plasma [33]
(ELISA): PGRN requires further study CSF [33, 47]
blood [33, 47, 48]
(nLC-MS): TDP-43 diagnosis, CSF + [33, 49]
progression PBMC [33]
plasma [33]
nLC-MS: multiprotein expression profiles diagnosig, PBMC + [33]
progression
Cell-based assays: stress granules & requires further study Cell-based assays [33]
associated proteins
Immunoassay: cytokines, pro- requires further study CSF [32]
inflammatory blood [32, 33]
Hematology exam (photometry): CK diagnosig, blood + [33, 50, 51]
progression
EV NGS: extracellular RNA diagnosis? CSF [33]
blood [33]
Structural inspection, cellular-respiratory diagnosis? all tissues + [33]

assays: damaged mitochondria

["®FIFDG-PET: ["®F]fluorodeoxyglucose-positron emission tomography; ["*F]JFEDV-PET: [**F]fluoroedaravone-positron emission
tomography; BBB: blood-brain barrier; CK: creatine kinase; CSF: cerebrospinal fluid; CST: corticospinal tract; EIM: electrical
impedance myography; EV: extracellular vesicle; FA: fractional anisotropy; MD: mean diffusivity; MRI-DTI: magnetic resonance
imaging-based diffusion tensor imaging; MSD: Meso Scale Discovery; MUNE: motor unit number estimation; MUNIX: motor unit
number index; NF-L: neurofilament light chain; NGS: next-generation sequencing; nLC-MS: nano liquid chromatography-mass
spectrometry; PBMC: peripheral blood mononuclear cells; PGRN: progranulin; pNF-H: phosphorylated neurofilament heavy
chain; Simoa®: single-molecule array immunoassay; TDP-43: transactive response DNA binding protein 43.
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A more effective solution would be the development of biomarkers able to detect the earliest stages of
dysfunction before the disease has cascaded out of control. In other words, what is urgently needed is a
prognostic approach such as that applied to non-neurological disorders, e.g., in spite of specificity issues,
the PSA test for prostate cancer [29], or the more robust Framingham criteria for cardiovascular disease
[30].

As with any attempt to provide early detection of a future neurological disease state, a series of limiting
issues are essential to be addressed. Key amongst these is the requirement for a sufficient number of
samples/participants in order to ensure statistical rigor and avoid sampling bias. In this regard, to achieve
an appropriate sample size, the methods used must be (a) minimally invasive, (b) easily administered, and
(c) low-cost. Further, if data are to be compared and validated between investigators/facilities,
standardized protocols must be used. Finally, patient anonymity and informed consent for all procedures
are fundamentals that must be fully in place.

A brief review of neurological disease biomarkers currently evaluated

The following summaries provide some studies where biomarkers have been evaluated in neurological
diseases. For ALS, Bowser et al. (2011) [31] have considered the use of protein biomarkers in the
cerebrospinal fluid (CSF) or in blood. Other biomarkers evaluated are heavy neurofilaments or cytokines,
mostly from CSF. One crucial problem with all of these is the invasiveness and potential hazards of lumbar
punctures to obtain the CSF for analysis. In addition, it is difficult to imagine that such measures using CSF
could ever be used for mass screening. Bowser et al. (2011) [31] also considered electrophysiological and
imaging methods, but in the context of an already established ALS state. From the same perspective, Huang
et al. (2020) [32] also proposed examining CSF for neurofilament light chain or various increased or
decreased cytokines with a focus on the pro-inflammatory ones.

Wilkins et al. (2021) [33] proposed that various molecules in blood or CSF might be used as
biomarkers, notably neurofilament proteins, extracellular RNA and stress granules, progranulin, RNAseq,
cytokines and metabolites, as well as damaged mitochondria, some of which might be detectable in blood.
Included in this list is the presence of creatine kinase.

Insight into the cascade of pathological processes is apparent in “omics” analyses of all types, showing
multiple abnormal events. On the one hand, proteomics has enabled the detection of tens if not hundreds of
abnormal levels of various proteins (some increased, others decreased) in ALS, discovered through post-
diagnosis analysis of CSF [34] or plasma [35] or through post-mortem analysis [36]. Specific protein-
protein interactions have been associated with toxicity in neurodegenerative diseases such as ALS [37].
Alternatively, microbiomics, the analysis of microbial (fungal and bacterial) communities and their genetic
makeup, is a relevant field of study, as imbalances in the complex microbial relationships within a patient’s
gut may have neuropathic effects. By decoding the genetic profiles of these microbial groups, researchers
might be able to pinpoint specific microbiome signatures linked to particular diseases, offering important
markers for diagnosis and prognosis if implicated in ALS [37]. However, isolating a distinct microbiome
signature for ALS has not been accomplished to date [38].

As the field of metabolomics expands to collect more data within the ALS patient population, “omics”
profiles might be assessed not only for early identification of the ALS disease processes, but also for
observation of patient response to therapeutic interventions [37, 38]. Models based on metabolites related
to antioxidant defense, polyamine metabolism, amino acid metabolism, platelets, and lipid sub-pathways
(i.e., sphingolipids) are showing some correlation to ALSFRS-R status but are currently unusable as
diagnostics [39, 40].

Early disease detection in Alzheimer’s disease as well as Parkinson’s disease is developing through
proteomics and metabolomics, with metabolomics “...hold greater potential for facilitating early diagnosis
and developing effective therapies...” [41]. In the case of Alzheimer’s disease, Hunter et al. (2025) [42]
noted the absence of effective blood-based tests for molecules involved in the disease, observing that the
field was largely focused on CSF analyses of amyloid beta 40/4 and p-tau 181 or their metabolites, or
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extracellular vesicles from degenerating neurons. Broader capture of alterations in metabolic processes as
well as protein abnormalities through blood analysis could lead researchers to the cause of the disease,
earlier stages of disease progression, and patient response to treatment, rather than having to rely on
higher-risk CSF sampling. Acknowledged by Franco et al. (2024) [41] is the need for “...combined
application of both proteomics and metabolomics...for early disease diagnosis” in Alzheimer’s and
Parkinson’s disease.

The following multiple, recurring problems continue to impede the discovery of early diagnostic
approaches: 1) the late-stage of disease progression at the time of analyses, 2) the invasiveness of the
procedures, 3) underpowered studies, 4) poor replication, 5) incomplete patient characterization, and 6)
substantial differences in data collection and analyses [43].

What would an ideal early ALS biomarker look like?

As detailed above, the most effective biomarker would be one that allows the earliest possible detection of
the onset of the processes leading to neuron loss and thus the greatest likelihood of effective treatment. If
the goal is the earliest possible detection, the biomarker hunt would necessarily require the least invasive
procedures possible. For example, if the underlying pathology begins early in life, then it would be almost
impossible to get those who do not yet show any signs or symptoms of neurological disease to submit to
invasive procedures such as lumbar punctures, particularly if such procedures need to be repeated multiple
times. Not least, even assuming that various imaging techniques could be applied in pre-clinical disease,
there is the problem of cost: Any such screening offered to the population at large would have to be cost-
effective, and given prohibitive costs and logistics, a solution is difficult to imagine.

Conclusions

A plausible approach to early ALS, or other neurological disease onset, would likely entail all of the
following tests: screening of easily accessible and minimally invasive fluids/tissues, e.g., blood, urine, saliva,
and hair; and screening using somewhat more invasive techniques, such as muscle or skin biopsies. Any of
these would need to be part of a routine medical checkup.

Failing the future availability of such tests, preventing disease onset or progression is unlikely to be
successful.
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