Pre prints.org

Article Not peer-reviewed version

Blood Biomarkers of
Neurodegeneration Over Four Decades
After Toxic Oil Syndrome: A Case-
Control Study

Mariano Ruiz-Ortiz , José Lapena-Motilva , Veronica Giménez de Bejar , Fernando Bartolomé,
Carolina Alguezar , Minerva Martinez-Castillo , Sonia Wagner-Reguero , Teodoro Del Ser,
Maria Antonia Nogales , Sonia Alvarez-Sesmero , Montserrat Morales Conejo , Cecilia E. Garcia Cena,

Julian Benito-Ledn "

Posted Date: 14 April 2025
doi: 10.20944/preprints202504.1012.v1

Keywords: toxic oil syndrome; neurofilament light chain (NfL); glial fibrillary acidic protein (GFAP); pTau217;
neurodegeneration; biomarkers; environmental toxins

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4376752
https://sciprofiles.com/profile/4032536
https://sciprofiles.com/profile/1003954
https://sciprofiles.com/profile/1949959
https://sciprofiles.com/profile/4377107
https://sciprofiles.com/profile/4315251
https://sciprofiles.com/profile/2777478
https://sciprofiles.com/profile/909987
https://sciprofiles.com/profile/912787
https://sciprofiles.com/profile/854605
https://sciprofiles.com/profile/1638713

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2025 d0i:10.20944/preprints202504.1012.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Blood Biomarkers of Neurodegeneration Over Four
Decades After Toxic Oil Syndrome:
A Case-Control Study

Mariano Ruiz-Ortiz 24, José Lapefia-Motilva 14, Veronica Giménez de Bejar?,

Fernando Bartolomé 23, Carolina Alquézar 2, Minerva Martinez-Castillo 4,

Sonia Wagner-Reguero ¢, Teodoro del Ser ¢, Maria Antonia Nogales 5, Sonia Alvarez-Sesmero ¢,
Montserrat Morales 5, Cecilia Garcia-Cena 7 and Julian Benito-Ledn 1238*

! Department of Neurology, 12 de Octubre University Hospital, Madrid, Spain

2 Group of Neurodegenerative Diseases, Hospital Universitario 12 de Octubre Research Institute (imas12),
Madrid, Spain

3 Network Center for Biomedical Research in Neurodegenerative Diseases (CIBERNED), Madrid, Spain

4 Alzheimer's Centre Reina Sofia-CIEN Foundation, Instituto de Salud Carlos III, Madrid, Spain

5 Department of Internal Medicine, University Hospital 12 de Octubre, Madrid, Spain

¢ Department of Psychiatry, University Hospital 12 de Octubre, Madrid, Spain

7 ETSIDI-Center for Automation and Robotics, Universidad Politécnica de Madrid, Madrid, Spain

8 Department of Medicine, Complutense University, Madrid, Spain

* Correspondence: Dr. Julian Benito-Ledn (jbenitol67@gmail.com)

t These authors contributed equally to this work and should be considered joint first authors.

Abstract: Toxic Oil Syndrome (TOS) was a multisystemic disease that emerged in Spain in 1981 due
to the ingestion of aniline-contaminated rapeseed oil. Although neurological sequelae, including
cognitive deficits, have been documented in long-term survivors, it remains unclear whether TOS
leads to chronic or progressive neurodegeneration. In this case-control study, we measured blood
concentrations of neurofilament light chain (NfL), glial fibrillary acidic protein (GFAP), and
phosphorylated tau 217 (pTau217) in 50 individuals with clinically confirmed TOS and 50 matched
healthy controls. Biomarkers were quantified using ultrasensitive immunoassay platforms
(Quanterix SIMOA SR-X and Fujirebio Lumipulse G600II). Group differences were evaluated using
non-parametric tests, and multiple linear regression was applied to assess associations between
biomarkers and clinical variables. While NfL levels were slightly higher in TOS patients, the
difference was not statistically significant. Similarly, no significant group differences were observed
for pTau217 or GFAP. Age was a consistent predictor of biomarker levels, particularly for GFAP and
pTau217, and female sex was independently associated with higher GFAP concentrations. Lower
educational attainment was linked to increased NfL levels. Clinical status (TOS vs. control) did not
significantly predict biomarker concentrations in any model. These findings suggest no evidence of
overt or ongoing neurodegeneration in long-term TOS survivors as detected by current blood
biomarkers. However, the possibility of subtle or slowly evolving neurotoxic processes cannot be
excluded. Longitudinal studies incorporating neuroimaging are warranted to clarify the long-term
neurological impact of TOS and to identify potential subclinical trajectories of neurodegeneration in
this population.
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1. Introduction

Toxic Oil Syndrome (TOS) is a multisystemic disorder that emerged in Spain in May 1981
following the ingestion of aniline-adulterated rapeseed oil fraudulently sold as olive oil [1]. The
outbreak affected more than 20,000 individuals and led to over 300 deaths within the first year.
Clinically, TOS manifested initially with respiratory symptoms, progressing to a chronic phase
marked by severe myalgia, eosinophilia, peripheral neuropathy, and scleroderma-like cutaneous
changes [2,3].

Although its precise pathophysiology remains incompletely understood, current evidence
supports a type I hypersensitivity reaction potentially triggered by fatty acid anilides—compounds
formed through the interaction of oleic acid and aniline. This mechanism is consistent with the clinical
overlap observed between TOS, myalgia-eosinophilia syndrome, and scleroderma [4].

Three distinct clinical stages have been described: (1) an acute phase (~2 months) characterized
by pulmonary edema, rash, eosinophilia, and myalgia; (2) an intermediate phase (months 2-4)
marked by peripheral edema, skin induration, hepatic dysfunction, and pulmonary hypertension;
and (3) a chronic phase (beyond month 4, with potential partial recovery after two years), featuring
scleroderma-like skin changes, sicca syndrome, polyneuropathy, joint contractures, musculoskeletal
pain with functional impairment, weight loss, and neuropsychiatric symptoms including memory
deficits, anxiety, and depression [4-7].

Long-term neurological consequences have been reported among TOS survivors. In a study
conducted 18 years post-outbreak, exposed individuals (n=80) demonstrated significantly greater
neurological impairment compared to matched controls (n=79), including reduced hand strength,
increased vibrotactile thresholds, diminished heart rate variability (suggestive of dysautonomia), and
cognitive deficits [8]. Neuropathological findings such as inflammatory neuropathy and neurogenic
muscle atrophy support a neurotoxic mechanism [9], further corroborated by autopsy evidence of
central chromatolysis and vacuolization in spinal motor neurons, the reticular formation, and
brainstem nuclei [10]. Memory impairment remains one of the most commonly reported symptoms.
A case-control study of TOS patients with subjective cognitive complaints revealed deficits in
attention, episodic and semantic memory, processing speed, and executive function—consistent with
a central neurotoxic origin rather than mood-related causes [11].

Several mechanisms have been proposed to explain the neurodegenerative potential of TOS.
One involves vascular and immune-mediated injury, whereby fatty acid anilides may disrupt the
blood-brain barrier by promoting endothelial dysfunction and sustained proinflammatory cytokine
release, increasing CNS vulnerability [4,12]. Another proposed mechanism is oxidative stress: these
compounds can generate peroxides, triggering oxidative damage, neuroinflammation, and
mitochondrial dysfunction—well-established contributors to neurodegeneration [13,14]. A third
hypothesis suggests direct neurotoxicity, although the direct cytotoxic effects of these compounds on
neural tissue remain poorly characterized. Patients with TOS and neuromuscular symptoms showed
increased levels of homovanillic acid and 5-hydroxyindoleacetic acid (5-HIAA) in cerebrospinal fluid.
Interestingly, mice treated with oleyl anilide did not develop clinical or histological signs compatible
with TOS but exhibited serotonin depletion and elevated 5-HIAA levels, suggesting that toxic agents
involved in TOS induced changes in monoamine neurons of the brain [15].

Notably, these mechanisms closely resemble those implicated in classical neurodegenerative
disorders [14]. Given the persistence of neuropsychiatric symptoms and the reported decline in
quality of life among survivors, it is plausible that TOS may act as a trigger for a slowly progressive
neurodegenerative process extending beyond the acute phase.

Over the past decade, the use of blood-based biomarkers for detecting neurodegeneration has
gained increasing attention. Neurofilament light chain (NfL), measurable in both cerebrospinal fluid
and plasma, has emerged as a sensitive marker of axonal injury, useful for distinguishing
neurodegenerative diseases from primary psychiatric conditions [16-19]. Similarly, glial fibrillary
acidic protein (GFAP), released by reactive astrocytes, has been proposed as a more specific marker
of central nervous system astrogliosis and neurodegeneration [20,21], with elevated levels reported
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in AD [22], Parkinson’s disease [23], multiple sclerosis [24], and traumatic brain injury [25]. Moreover,
plasma phosphorylated tau isoforms—especially pTau217 and pTau231—are strongly associated
with amyloid PET positivity, making them promising candidates for early detection of AD pathology
[26].

Based on this rationale, the present study aimed to assess blood concentrations of NfL, GFAP,
and pTau217 in individuals with a history of TOS compared to matched healthy controls. Our goal
was to determine whether these long-term survivors exhibit biomarker profiles suggesting chronic
progressive neurodegeneration potentially attributable to the original toxic exposure.

2. Methods

2.1. Ethics

The study was conducted in accordance with the principles of the Declaration of Helsinki.
Ethical approval was obtained from the Research Ethics Committee of the 12 de Octubre University
Hospital (CEIC codes: 17/035 and 23/616). All participants provided written informed consent prior
to enrollment.

2.2. Study Design and Setting

Between April and June 2024, individuals diagnosed with Toxic Oil Syndrome (TOS) and
healthy controls were recruited from Madrid, one of the regions most severely affected by the
epidemic outbreak in 1981. This case-control study was conducted at the 12 de Octubre University
Hospital in Madrid, Spain, where all interviews and blood sampling procedures were performed.

2.3. Participants

TOS cases had been identified according to the diagnostic criteria established in the
epidemiological studies conducted during the original outbreak [27,28], and these diagnoses were
reviewed at the time of enrolment in the present study. Eligible participants were those who had
experienced either the acute or the chronic phase of the syndrome. The acute phase was characterized
by alveolar—interstitial pulmonary infiltrates and/or pleural effusion in the presence of absolute
eosinophilia greater than 500 cells/mm?3. The chronic phase was defined by the presence of myalgia
and eosinophilia and/or at least one of the following clinical features clearly attributable to TOS:
scleroderma-like skin changes, peripheral neuropathy, pulmonary hypertension, or hepatopathy.

Patients were recruited from the hospital’s specialized clinical unit for TOS, the only dedicated
center in Spain providing long-term follow-up and care for affected individuals. Participants were
contacted consecutively until the target sample size of 50 patients was reached.

The control group consisted of 50 individuals without a history of TOS, recruited from friends
and acquaintances residing in the same geographic area. Controls were frequency-matched to cases
by age (5 years), sex, and educational attainment. They shared similar demographic, sociocultural,
and environmental characteristics with the patients but did not suffer any symptoms of TOS during
the original outbreak.

Exclusion criteria for both groups included a diagnosis of neurodegenerative disease (e.g.,
Alzheimer’s disease, Parkinson’s disease), a history of stroke, chronic renal disease, chronic alcohol
misuse, or any traumatic injury or clinical condition affecting the central or peripheral nervous
system.

Demographic and clinical data—including age, sex, education level, medical history, cognitive
complaints, and current pharmacological treatments—were collected using a standardized
structured questionnaire.

2.4. Biomarker Quantification

- Sample Collection and Handling
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Peripheral blood samples were obtained by standard venipuncture from an antecubital vein
EDTA vacutainer tube. Immediately after collection, tubes were gently inverted to mix with
anticoagulant and kept at 4 °C until processing. Plasma was separated within 2 hours of draw by
centrifugation (2,000 xg for 10 min at 4 °C) [29]. The supernatant plasma was aliquoted into
polypropylene cryotubes and stored at —80 °C until analysis. These procedures ensured optimal
sample stability and minimized pre-analytical variability prior to biomarker assays [29].

- GFAP Quantification (Quanterix SIMOA SR-X)

GFAP concentrations were measured using a Single Molecule Array (SIMOA) immunoassay
GFAP Discovery Kit (ref:102336, lot:504261 Quanterix, Billerica, MA, USA) on the Quanterix SR-X
ultra-sensitive detection platform. This ultra-sensitive digital immunoassay allows the detection of
GFAP at femtogram-per-milliliter levels, with a sensitivity approximately 1000-fold greater than that
of conventional ELISA methods [30].

Prior to analysis, plasma samples were thawed at room temperature for 1 hour, mixed on a
vortex for 10 seconds, and centrifuged at 10,000 xg for 5 minutes. Assays were carried out according
to the manufacturer’s instructions, including the use of kit-provided calibrators (for standard curve
generation) and two quality controls (QC) in each run. The SIMOA platform offers a broad analytical
measuring range; for the GFAP assay, the lower limit of detection was approximately 0.21 pg/mL
(with a functional lower limit of quantification ~0.7 pg/mL), and the dynamic range extended up to
~4000 pg/mL in plasma [31]. All sample readings fell within the linear range of the assay. Intra-assay
and inter-assay coefficients of variation were <15% based on kit specifications, reflecting high
precision and reliability in GFAP quantification.

- pTau217 and NfL Quantification (Fujirebio Lumipulse G600II CLEIA)

Plasma phosphorylated tau at threonine 217 (pTau217) and NfL were measured using the
Lumipulse G600II automated immunoassay system (Fujirebio, Tokyo, Japan). The Lumipulse G600II
is a fully automated bench-top analyzer based on a chemiluminescent enzyme immunoassay (CLEIA)
principle [32,33].

Each analyte was assayed with a dedicated immunoreaction cartridge Lumipulse G pTau 217
Plasma (ref: 81472, lot: D4C4129) and Lumipulse G NfL Blood kits (ref: 81215; lot: Y8B4022),
respectively, which incorporates a two-step sandwich immunoassay. In brief, sample plasma is first
incubated with magnetic particles coated with capture antibodies specific to pTau2l7 or NfL,
followed by a reaction with an enzyme-conjugated detection antibody. After automated washing
steps, a chemiluminescent substrate is added; the ensuing enzyme-driven light emission is measured
by the system’s photodetector, with luminescence intensity proportional to the analyte concentration.
The CLEIA technology allows rapid analyte detection (results in ~30-60 minutes) and a throughput
of ~60 tests/hour on the G600II platform [32,33]. All steps—sample handling, incubation, washing,
and signal detection—are performed automatically by the analyzer, which improves workflow
efficiency and analytical consistency [32,33].

Plasma samples were thawed for 30 min at room temperature, shaked by vortex for 10 s, and
centrifuged at 2,000 xg for 5 min before the analysis. All pTau217 and NfL assays were run in
accordance with the manufacturer’s protocol, including the use of 5-point calibration curves and
internal controls to verify assay performance. The Lumipulse platform has been extensively validated
for neurodegenerative biomarkers and is noted for its high analytical sensitivity and precision. The
Quality Controls were provided by the manufacturer and were measured at the beginning of each
analytic session. In comparative studies, the automated Lumipulse CLEIA assays demonstrated
outstanding performance in terms of assay linearity, low intra-/inter-assay variability, and excellent
reproducibility [32,33]. The analytical sensitivity (functional detection limit) of the plasma pTau217
and NfL assays is in the low pg/mL range, making them well-suited for quantifying these low-
abundance biomarkers in blood. The fully automated and standardized nature of the Lumipulse
G600II platform minimizes operator-dependent error and ensures reliable measurement of pTau217
and NfL in all samples [32,33]. This approach yields data of comparable quality to traditional
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cerebrospinal fluid assays, supporting the use of plasma pTau217 and NfL as robust biomarkers of
neurodegeneration in the context of TOS survivors.

2.5. Statistical Analysis

All statistical analyses and figure generation were performed using Python (v3.12.2) and R
(v4.4.2). The following Python libraries were employed: pandas (v2.2.3) for data handling, TableOne
(v0.9.1) for descriptive statistics, statsmodels (v0.14.4) for regression analysis, semopy (v2.3.11) for
structural equation modeling, and rpy2 (v3.5.16) for integrating R within Python. In R, the emmeans
package (v1.10.5) was used to calculate estimated marginal means.

A descriptive analysis was first conducted to characterize the study population. Group
differences were assessed using parametric or non-parametric tests as appropriate to variable
distribution. Biomarker concentrations (NfL, GFAP, and pTau217) were compared between groups
using the Mann-Whitney U test. Finally, standardized linear regression models were applied to
assess associations between biomarker levels and demographic or clinical variables (e.g., age, sex,
cognitive complaints, comorbidities), adjusting for relevant covariates.

3. Results

The study included 50 individuals with clinically confirmed TOS and 50 healthy controls,
matched for age and sex. There were no significant differences between groups in sex distribution,
mean age, or years of education, according to selection rules. The TOS group exhibited a significantly
higher prevalence of arterial hypertension (66% vs. 18%; p <0.001) and diabetes mellitus (24% vs. 6%;
p =0.025). A summary of demographic and clinical characteristics is presented in Table 1.

Blood biomarker concentrations are shown in Figure 1. Compared to controls, the TOS group
demonstrated slightly elevated blood NfL levels, although this difference appeared to be driven by a
small number of outliers and did not reach statistical significance (Figure 1A). No significant group
differences were observed in blood concentrations of pTau217 or GFAP (Figure 1B and 1C,
respectively).

Table 1. Demographic and clinical characteristics of the study population by group (patients vs. matched

controls).

Variable Overall Controls Patients Value
N 100 50 50

Sex, n (%) 0.284a
- Male 32 (32.0) 19 (38.0) 13 (26.0)

- Female 68 (68.0) 31 (62.0) 37 (74.0)

Age, mean (SD) 59.3 (8.0) 58.7 (8.2) 59.9 (7.8) 0.449°
Education, n (%) 0.5462
- Primary or illiterate 44 (44.0) 20 (40.0) 24 (48.0)

- Secondary or higher 56 (56.0) 30 (60.0) 26 (52.0)

Diabetes mellitus, N (%) 15 (15.0) 3 (6.0) 12 (24.0) 0.025a
Arterial hypertension, N (%) 42 (42.0) 9 (18.0) 33 (66.0) <0.0012
Polyneuropathy, N (%) 35 (35.0) 0 (0.0) 35 (70.0) <0.0012
Cognitive complaints, N (%) 48 (48.0) 11 (22.0) 37 (74.0) <0.0012

2 Chi-square test; ®Student t test; * Mann-Whitney U test.
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Figure 1. Group comparisons of blood biomarker levels in toxic oil syndrome patients and matched controls.
Violin plots display the distribution of blood concentrations of neurofilament light chain (NfL, Figure 1A),
phosphorylated tau 217 (pTau217, Figure 1B), and glial fibrillary acidic protein (GFAP, Figure 1C) in toxic oil
syndrome patients (orange) and controls (blue). Swarm plots overlay individual data points for each biomarker.
Logarithmic transformation was applied to NfL and pTau217 to mitigate the effect of extreme values. Each plot
includes the group median (thick central line) and interquartile range (thin lines: Q1-Q3), illustrating central

tendency and dispersion.

We performed multiple linear regression analyses using z-scored values of GFAP, NfL, and
pTau217 as dependent variables to explore predictors of biomarker concentrations. Age emerged as
a robust predictor, showing significant positive associations with GFAP (p < 0.001) and pTau217 (p =
0.003), indicating higher biomarker levels among older individuals (see Figure 2). Sex was
independently associated with GFAP, with significantly higher levels observed in women compared
to men (p = 0.016). Educational attainment demonstrated a significant inverse association with NfL
(p = 0.020), suggesting a potential protective effect of higher education (Figure 3A), although its
associations with GFAP (p = 0.073) and pTau217 (p = 0.906) were not statistically significant (Figure
3B and 3C, respectively). Diabetes mellitus showed a marginal association with increased pTau217
levels (p = 0.063), while arterial hypertension displayed a non-significant trend toward lower NfL
levels (p = 0.071). Neither clinical status (TOS vs. control) nor the presence of peripheral neuropathy
were significant predictors of any biomarker levels (all p > 0.10).
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Figure 2. Association between age and blood biomarker concentrations in toxic oil syndrome patients and
controls. Scatterplots display the relationship between age and levels of neurofilament light chain (NfL, Figure
2A), phosphorylated tau 217 (pTau217, Figure 2B), and glial fibrillary acidic protein (GFAP, Figure 3C), stratified
by clinical group (controls in blue, toxic oil syndrome patients in orange). Linear regression lines with 95%
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confidence intervals (shaded areas) are shown for each group. Age was positively associated with all three

biomarkers, with the strongest effect observed for GFAP.

A B C

NfL pTau 217 GFAP
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I lliterate N lliterate

3.0 @ Primary studies Primary studies
Emm Secondary studies B Secondary studies 2.8
B Higher studies B Higher studies

161 mmm iiiterate
Primary studies
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Figure 3. Group comparison of blood biomarker concentrations according to participants' educational
attainment. Violin plots display the distribution of blood levels of neurofilament light chain (NfL, Figure 3A),
phosphorylated tau 217 (pTau217, Figure 3B), and glial fibrillary acidic protein (GFAP, Figure 3C) across four
educational categories: illiterate (blue), primary studies (orange), secondary studies (green), and higher studies
(red). Swarm plots overlay individual data points. Logarithmic transformation was applied to NfL and pTau217
to reduce the influence of outliers. Each plot includes the group median (thick horizontal line) and interquartile

range (thin lines), representing central tendency and dispersion.

4. Discussion

In this case-control study, we investigated blood concentrations of NfL, GFAP, and pTau217 in
long-term survivors of TOS four decades after the initial outbreak. We aimed to explore whether
these blood-based biomarkers of neuroaxonal injury and neurodegeneration could reveal evidence
of chronic or progressive neurological involvement in this unique population.

While NfL levels were marginally higher in the TOS group compared to matched controls, the
difference was not statistically significant. This finding suggests that ongoing neuroaxonal
degeneration is unlikely to be a predominant process in most long-term survivors, while a few cases
showing very high levels of plasma NfL could have experienced marked neuroaxonal damage. This
stands in contrast to well-characterized neurodegenerative disorders, such as AD or frontotemporal
dementia, where elevated NfL levels in blood or cerebrospinal fluid consistently reflect progressive
neuronal loss [16,18]. Nevertheless, subtle elevations in NfL—especially in individuals with
persistent symptoms— may still indicate residual effects of past toxic or inflammatory insults, and
peripheral or central axonal damage cannot be entirely excluded. The overall stability of NfL levels
aligns with prior clinical studies showing that the neurological manifestations of TOS were disabling
but tended to plateau over time rather than follow a progressive trajectory [8].

The analysis of pTau217 was designed to screen for covert AD pathology, motivated by the high
prevalence of memory and other cognitive complaints in this cohort [11]. Our results showed no
significant differences between TOS patients and controls, providing no support for the hypothesis
that AD-like tau pathology underlies the cognitive complaints observed in these individuals. These
findings are consistent with previous neuropsychological and pathological studies that have
implicated toxic or vascular mechanisms—rather than classic neurodegeneration—as the principal
contributors to TOS-related cognitive dysfunction [9,12].

GFAP was included as an exploratory biomarker of astrocytic activation. Although no group
differences were detected, GFAP levels increased with age and were higher in women, consistent
with prior literature in both healthy aging and neurodegenerative contexts [21,22]. The absence of
elevated GFAP in TOS patients may suggest that any acute-phase astrogliosis has already been
resolved and that astroglial reactivity is currently minimal in this chronic stage of the disease.
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Alternatively, chronic low-grade glial activation may persist below the detection threshold of current
assays.

These results should be interpreted within the clinical context of the cohort. Participants were
followed in a general clinical setting and did not undergo serial cognitive testing. Although many
patients reported cognitive decline, objective longitudinal measures are lacking. Consequently, the
absence of biomarker abnormalities at a late single time point does not preclude the possibility of
subtle or slowly evolving neurotoxic processes that remain below detectable thresholds. This is
particularly relevant given the known links between environmental toxins and neurodegeneration.
In Parkinson’s disease, for example, prolonged exposure to pesticides or solvents has been associated
with increased risk via mechanisms such as oxidative stress, mitochondrial dysfunction, and
neuroinflammation [34-36]. Similar mechanisms —particularly endothelial injury, blood-brain
barrier disruption, and immune-mediated neural damage— have been proposed in TOS [3,4]. It is,
therefore, plausible that the initial toxic exposure to TOS may have initiated insidious, long-lasting
changes in the central nervous system that are not readily captured by cross-sectional blood
biomarkers.

Furthermore, it is important to recognize that blood biomarkers in neurodegeneration are still
an emerging field [19]. For instance, in progressive forms of multiple sclerosis, blood NfL levels may
remain normal despite clinical deterioration, while GFAP levels better reflect disease progression
[37]. The temporal dynamics, cellular specificity, and sensitivity of these markers remain active areas
of investigation, especially in non-classical neurodegenerative conditions such as TOS.

This study has several limitations. First, its cross-sectional design precludes longitudinal
tracking of biomarker dynamics or symptom evolution. Second, the modest sample size may have
limited power to detect small but meaningful differences. Third, the lack of neuroimaging restricts
the ability to correlate biomarker levels with structural parameters such as cortical or subcortical
atrophy. Fourth, participants were not followed in specialized neurology clinics, and clinical
impressions of cognitive decline were not formally assessed. Finally, residual confounding but
unmeasured factors such as comorbidities or lifestyle variables cannot be ruled out.

In summary, our findings do not support the presence of overt or progressive
neurodegeneration in long-term survivors of TOS, as reflected by blood concentrations of NfL, GFAP,
and pTau217. However, the possibility of low-grade, localized, or slowly evolving neurotoxic injury
cannot be excluded. Future studies incorporating larger cohorts, longitudinal follow-up, advanced
neuroimaging, and multimodal biomarker assessments will be essential to clarify the long-term
neurological consequences of TOS and to determine whether a subset of survivors may benefit from
closer neurological monitoring.
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