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Patients with Amyotrophic Lateral Sclerosis (ALS) exhibit altered patterns of respiratory rate and 
heart rhythm that are directly related to autonomic nervous system (ANS) activity. This study aimed to 
analyze the role of the ANS in respiratory function, cognition, functionality, and antioxidant capacity 
in patients with ALS through a predictive model that assesses the mediating activity of respiration. 
This quantitative, observational, analytical, and cross-sectional clinical study was conducted using a 
sample of 75 patients diagnosed with ALS. ANS activity, respiratory function, cognition, functionality, 
and antioxidant capacity were also measured. Using these values, a structural equation model was 
developed using AMOS V.23 software. The mediational predictive model showed that increased 
sympathetic nervous system (SNS) activity, in turn, increased respiratory function, whereas the role 
of the parasympathetic nervous system in respiration was very weak and had the opposite effect. 
Furthermore, SNS activity increased respiratory function values, which, in turn, improved functional 
capacity, cognition, and antioxidant power in patients with ALS, with respiratory function playing 
a mediating role. The mediating effect of respiratory function was observed primarily between ANS 
and functional disability. For oxidative stress, respiratory function showed a high mediating effect, 
such that greater respiratory function corresponded to greater antioxidant capacity. Additionally, for 
cognitive activity, a moderate direct effect of the ANS was observed; however, it was greatly enhanced 
by respiratory disability. Finally, differences were only found based on sex, with respiratory capacity 
and antioxidant power being higher in men.
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Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative disease that affects motor neurons, 
typically resulting in patient mortality due to respiratory failure within 3–5 years of symptom onset1. It is 
classified as a rare disease, with an annual incidence of 1.4 cases per 100,000 inhabitants, exhibiting a higher 
prevalence in males2. Clinically, it can be classified as a bulbar-onset or spinal-onset disease3, with the age range 
of 45 to 75 years being the most at risk for developing ALS4.

The origin of the pathology is attributed to different mechanisms, such as misfolded protein aggregation and 
dysfunction of protein degradation pathways, such as the ubiquitin-proteasome system and autophagy or glial 
dysfunction1, among others, and increased oxidative stress associated with mitochondrial damage5. Oxidative 
stress stems from the extensive metabolism of motor neurons and their vulnerability to damage from reactive 
oxygen species (ROS)6, currently representing one of the principal therapeutic targets for the disease7.
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Clinically, patients with ALS exhibit progressive functional disability characterized by the loss of physical 
function in the bulbar, motor (especially in the arms and legs), and respiratory domains8. While ALS is 
predominantly known for its motor symptoms, autonomic nervous system (ANS) disorders have also been 
described, including decreased heart rate variability (HRV)9–12 and chronic cardiac sympathetic hyperactivity13,14. 
These alterations have been confirmed in our laboratory using Polar H7 Bluetooth technology and the ELITE 
HRV application15. The ANS, divided into the Sympathetic Nervous System (SNS) and the Parasympathetic 
Nervous System (PNS), regulates vital functions including, but not limited to, heart rate, digestion, and crucially, 
respiratory capacity. It plays a pivotal, albeit often underestimated, role in ALS progression16,17. Cardiac 
activity and vasoconstriction or vasodilation are predominantly governed by the ANS; consequently, heart rate 
variability (HRV) is one of the most valuable noninvasive methods for assessing ANS activity18. Furthermore, 
ANS contributes to sensory system impairment. Sensory neuropathy in patients with ALS is manifested as 
reduced sensory nerve conduction velocity and impaired sensory function. This sensory involvement further 
complicates the clinical picture of ALS and underscores the widespread effects of the disease beyond the motor 
system19.

Despite advances in understanding the motor pathology of ALS, knowledge of how the ANS contributes 
to respiratory complications remains limited. Current evidence suggests a complex relationship between 
neuronal degeneration and autonomic dysfunction12,16,17,20. However, the exact mechanisms through which 
ANS influences respiratory capacity in ALS are not yet fully understood. Moreover, ANS alterations could be 
related to other types of symptomatology; approximately 50% of patients also exhibit extramotor manifestations, 
among which frontotemporal dementia (FTD) stands out21, clinically characterized by behavioral changes 
and impairment of executive functioning and/or language deterioration22,23. In this regard, an association has 
been found between cognitive impairment and respiratory insufficiency in ALS24. Furthermore, it is worth 
noting that in other neurodegenerative pathologies or diseases with neurodegenerative components, such as 
multiple sclerosis or systemic sclerosis that present respiratory insufficiency, it has already been observed that 
respiratory deterioration is associated with low functional disability25,26; Therefore, for patients as well, the 
loss of respiratory function could explain the lack of functionality. Interestingly, it has also been observed that 
respiratory insufficiency and hypoxia are produced, associated with the induction of oxidative stress27 mainly 
produced by the mitochondria, through the release of the superoxide anion (O2-)28. This implies a relationship 
between respiratory capacity and the activity of antioxidant enzymes, whose link to ANS is well known29,30. All 
these aspects lead to the hypothesis that cognitive, oxidative state, and functional alterations may be linked to 
those of the ANS through respiratory function.

The objective of the present study was to analyze the role of ANS in respiratory function, cognition, 
functionality, and antioxidant capacity in patients with ALS. To this end, a novel predictive model, that studies 
the possible mediating role of respiratory function between the ANS and cognition, oxidative state, and 
functionality in these patients, is proposed. This study aimed to determine whether the ANS directly influences 
cognition, functionality, and oxidative state, or if it does so through respiratory function, and therefore, if the 
latter would mediate the effect of the ANS on other measures (cognition, functionality, and oxidative state). 
Additionally, based on the results of this model, we will attempt to study whether there are differences in the 
components of the model based on sociodemographic variables: age, sex, and type of ALS.

Materials and methods
Participants
75 ALS patients were evaluated, of whom 18.7% had bulbar ALS and the rest had spinal-type ALS. The age was 
56.51 years (SD = 10.38 years), with a range of 28–77 years, and 60% were male. The time of ALS diagnosis in 
months was 28.28 (SD = 27.69 months), with a range between 2 and 146 months. The ALSFRS-R score was 28.37 
(SD = 8.68), with a range between 6 and 46.

Procedure
A selective and cross-sectional design was employed in which participants were selected based on the 
characteristics relevant to the study.

To obtain the sample, the main ALS associations in Spain were contacted and informed of the project 
through their coordinators, who communicated it to the patients at each center. Subsequently, those who 
voluntarily agreed to participate were included in the study. Specifically, the inclusion criteria were as follows: 
males over 18 years of age, non-fertile females over 50, or between 18 and 50 years of age that were not planning 
to become pregnant; patients diagnosed and symptomatic with ALS for at least 6 months prior to inclusion in the 
study; patients treated with Riluzole; Acceptance of participation in the study by signing the informed consent 
form. The exclusion criteria were as follows: tracheostomy; invasive or non-invasive ventilation with positive 
ventilatory pressure; participation in any other trial or having done so in the 4 weeks prior to inclusion; patients 
with evidence of dementia; patients with alcohol or drug abuse dependence; patients infected with hepatitis B or 
C, positive human immunodeficiency virus; renal patients with creatinine 2 times higher than normal markers 
30 days before inclusion; and hepatic patients with liver markers (ALT and AST) elevated 3 times above normal 
levels 30 days before inclusion. After applying these criteria, the final sample consisted of 75 patients diagnosed 
with bulbar or spinal ALS.

Instruments
A series of tests and scales was applied to this sample to determine the following variables:
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ANS
To assess ANS activity, the Polar H7 Bluetooth device, an instrument that measures heart rate and can be 
connected to Bluetooth devices compatible with heart rate measurement software, was used. A specific 
application is required to view the heart rate data of the receiving device. To measure HRV, an independent 
application called Elite HRV connected to a Polar H7 chest strap was used. Specifically, a series of variables were 
determined, one of which was related to SNS. It is low heart frequency (LF), in which sympathetic mechanisms 
predominate31. Those related to the PNS calculated were heart rate variability index (HRV), which represents 
the variation over time between RR intervals in the electrocardiogram, defined as the physiological variation in 
the duration of the interval between each heartbeat32; the root mean square of the sum of squares of differences 
between adjacent RR intervals (RMSSD)31,32; the natural logarithm of the RMSSD to distribute the figures in a 
more easily understandable interval (RMSSD LN)33; the percentage of consecutive RR intervals that differ from 
each other by more than 50 ms (PNN50)34; and high heart frequency (HF power)35.

Respiratory function
There are different procedures for the measurement of lung function in patients with ALS, among which 
spirometry stands out36. Three pulmonary function parameters were evaluated (expressed as the percentage of 
predicted values (%), except for forced expiratory volume in 1 s (FEV1)/FVC presented as the measured value): 
forced vital capacity (FVC), FEV1, and FEV1/FVC37. For their determination, a MasterScreen PFT spirometer 
powered by SentrySuite™ (Jaeger, Germany) was used, and the spirometer was calibrated before measurement 
following established protocols for this purpose. Three acceptable and repeatable trials were performed, and the 
best trial was chosen38.

Cognition
The Edinburgh Cognitive and Behavioral ALS Screen (ECAS) (Spanish version) was used to differentiate between 
various common profiles associated with aging, such as depression, Alzheimer’s disease, and frontotemporal 
dementia. It specifically evaluates executive function, memory, language, visuospatial ability, and social 
knowledge. The maximum total score is 136. It has high convergent validity with other ALS screening tests and 
adequate internal validity scores39,40.

Antioxidant capacity
Fasting blood samples were collected to determine the antioxidant capacity of the analytes. The samples were 
centrifuged at 1500 g for 5 min, and the serum was separated and frozen at -80  °C until measurement. The 
analytes related to antioxidant capacity measured were Trolox equivalent antioxidant capacity (TEAC), Cupric 
ion reducing antioxidant capacity (CUPRAC) and Ferric reducing ability (FRAP). These analytes were measured 
using an automated biochemical analyzer (Olympus AU600, Olympus Europe GmbH, Germany), as described 
by Rubio et al.41.

Functionality
To evaluate functionality, the revised ALS Functional Rating Scale (ALSFRS-R) was used. It is a sensitive, 
accurate, and reproducible scale that assesses functional capacity considering the domains of deterioration: 
bulbar, upper limb, lower limb, and respiratory42.

Data analysis
First, descriptive statistics of the different measures employed were calculated using the SPSS V. 23 statistical 
package. Two confirmatory models were estimated using AMOS V. 2343 to study the mediating role of respiratory 
function between the ANS and the other measures (cognition, functionality, and oxidative state). Three types 
of goodness-of-fit indices were considered for the estimated models: (1) absolute, which evaluates the fit of the 
proposed theoretical model to the empirical data. These included the χ2/df index44, whose values less than 3 
indicate a good fit to the data; the Goodness-of-Fit Index (GFI)45, with values > 0.95 considered a good fit; and the 
Standardized Root Mean Square (SRMR)46 and the Root Mean Squared Errors (RMSEA)47, with values < 0.08, 
indicating a good fit48. Additionally, the presence of < 5% standardized residuals exceeding 2.58 in absolute value 
is considered a criterion for a good fit45,48. (2) Incrementality was used to compare the obtained model with a 
null model. These indices include the Normed Fit Index (NFI)44, Comparative Fit Index (CFI)49, and Tucker-
Lewis Index (TLI)50, with values > 0.95, indicating a good fit. And (3) Parsimony, evaluates the fit of the model 
against the number of estimated parameters, penalizing the use of more parameters. The Parsimony Goodness-
of-Fit Index (PGFI)45, Parsimony Normed Fit Index (PNFI)51, and Parsimony Comparative Fit Index (PCFI)49 
were used, with values > 0.50 indicate a good fit. A recommendation of 10 participants per indicator has been 
suggested52. However, others have proposed using only five participants per indicator when the distribution is 
normal48. In our study, there were 75 participants for the six indicators in the tested models (75/6 = 12.5). Third, 
to study the role of sociodemographic variables in the measures that constitute the model, Pearson’s correlation 
was calculated for age using these measures, and independent sample t-tests were conducted to assess whether 
there were differences based on age, sex, and ALS type for these measures. These analyses were performed using 
the SPSS version 23 statistical package.

Ethical considerations
The project was approved by the Clinical Research Ethics Committee of Hospital de la Fe in Valencia, Spain 
(2021 − 001989 38), in compliance with the Declaration of Helsinki. All patients provided informed consent 
before inclusion in the study.
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Results
Descriptives
Table 1 shows the descriptive statistics of the different measures used and the factors to which they belong when 
estimating the confirmatory models.

Confirmatory models
We followed Holmbeck53 and Ato and Vallejo54 to test the mediation model that analyzed the mediating role of 
respiratory function between the ANS and other measures obtained in patients with ALS. One model included 
the mediational effects (indirect) of respiratory function between the ANS and cognition, functionality, and 
oxidation (restricted model), and the other included both direct and indirect effects between the ANS and other 
measures (unrestricted model). In both cases, the models were estimated using the maximum likelihood due to 
multivariate normality, as the Bollen-Stine bootstrap procedure55 was not statistically significant (p = 0.214 for 
the unrestricted model and p = 0.164 for the restricted model).

Figures 1 and 2 show the unrestricted and restricted models, respectively. Table 2 presents the fit indices 
for both models. The fit of both models to the data was adequate for most of the indices. When comparing 
both models, no statistically significant differences were found based on the number of parameters (Δχ2

6 = 9.04, 
p = 0.172). Therefore, the restricted model53,54 should be selected, which includes indirect effects of the ANS on 
cognition, functionality, and oxidation through respiratory function, which indicates that it is more plausible to 
assume a mediating role of respiration between the ANS and other measures.

Analyzing the mediational or restricted model according to Cohen’s criterion56 in linear regression, a value 
of f2 = R2/(1-R2) of 0.02 indicates a small effect size, 0.15 medium, and 0.35 large. Solving for the value of r in 
the formula, we found that r = 0.14 would be a small effect size, 0.36 medium, and 0.51 large. Therefore, in 
this mediational model, we observed that an increase in SNS activity increased respiratory function (β = 0.31), 
whereas the role of the SNP in respiration was very weak and had the opposite effect, as an increase in its function 
represented lower respiratory capacity (β = -0.13), with both systems explaining 10% of respiratory function 
(R2 = 0.10). Respiratory function positively explained the functional capacity of patients with ALS (β = 0.38), 
cognition (β = 0.33), and antioxidant capacity (β = 0.45). In other words, SNS activity increases respiratory 
function values, and this improvement in respiratory function enhances functional capacity, cognition, and 
antioxidant power in ALS patients, with respiratory function playing a mediating role.

Sociodemographic variables
Pearson correlations between age and the different factors of the confirmatory model were not statistically 
significant: sympathetic ANS (r = 0.10, p = 0.419), parasympathetic ANS (r = 0.19, p = 0.105), respiratory 
function (r = -0.05, p = 0.678), cognitive state (r = -0.16, p = 0.171), antioxidant capacity (r = -0.02, p = 0.887), and 

Factor Variables Mean SD

Sympathetic ANS Frecuency LF Peak HZ 0.08 0.05

Parasympathetic ANS

HRV 42.69 11.56

Frecuency Total power ms2 850.06 2269.45

HRV RMSSD ms 22.38 21.16

HRV LN RMSSD ms 2.77 0.75

HRV PNN50 4.93 10.06

Frecuency HF Power ms2 377.52 1190.68

Respiratory function

FVC 2.31 1.08

FEV1 1.76 0.81

FEV1%M 75.23 11.57

Functional capacity ALSFRS-R 28.37 8.68

Cognitive state

ECAS Lenguage 25.64 3.12

ECAS Executive 36.17 7.18

ECAS Memory 16.54 4.25

ECAS Visiospatial 11.57 1.28

Antioxidant capacity

TEAC mmol Trolox equivalent/L 1.05 0.13

CUPRAC mmol Trolox equivalent/L 0.73 0.07

FRAP mmol Trolox equivalent/L 2.45 0.39

Table 1.  Values obtained after measuring the variables: autonomic nervous system (ANS) activity, respiratory 
function, cognitive status, functional capacity, and antioxidant capacity. ALSFRS-R: Revised Amyotrophic 
Lateral Sclerosis Functional Rating Scale; CUPRAC: Cupric ion Reducing Antioxidant Capacity; ECAS: 
Edinburgh ALS Cognitive and Behavioral test; FEV1: Forced expiratory volume in 1 s; FRAP: Ferric reducing 
antioxidant power; FVC: Forced Vital Capacity; HF: High Heart Rate; HRV: Heart Rate Variability; HRV 
RMSSD: The Root Mean Square of the Sum of Squares of the Differences Between adjacent RR intervals in the 
cardiac variability; PNN50: Percentage of consecutive RR intervals that differ from each other by more than 50 
ms in cardiac variability; TEAC: Trolox equivalent antioxidant capacity.
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functional capacity (r = 0.06, p = 0.588). Additionally, the correlation values showed a small effect size according 
to Cohen’s criteria56: 0.10, 0.30, and 0.50. Therefore, we can conclude that age does not appear to be related to 
measures in the model.

The results of the sex differences according to the independent samples t-test for the different measures of 
the model are presented in Table 3. Statistically significant differences were found only for respiratory function 
(favoring males) and antioxidant capacity (favoring males). Furthermore, in both cases, the effect sizes of the 
differences were large according to Cohen’s criteria56: 0.20, 0.50, and 0.80.

χ2/df GFI NFI CFI TLI RMSEA SRMR Residues ≥ |± 2.58| PGFI PNFI PCFI

Unrestricted 1.55 0.979 0.922 0.963 0.815 0.086 0.046 0.00% 0.140 0.184 0.193

Restricted 1.52 0.943 0.769 0.895 0.824 0.084 0.080 0.00% 0.404 0.462 0.537

Table 2.  Goodness-of-fit indices for the contrasted models. GFI: Goodness of Fit Index; NFI: Normed Fit 
Index; PCFI: Parsimony Comparative Fit Index; PGFI: Adjusted Parsimony goodness of fit index; PNFI: 
Normalized Parsimony Fit Index; RMSEA: Root Mean Squared Errors; SRMR: Standardized Root Mean 
Square; TLI: Tuker- Lewiss Index.

 

Fig. 2.  Mediational or restricted model. Model of indirect effects of the sympathetic nervous system (SNS) 
and parasympathetic nervous system (PNS) on functionality, cognition, and antioxidant capacity through 
respiratory function.

 

Fig. 1.  Unrestricted model. Model of direct and indirect effects of the sympathetic nervous system (SNS) 
and parasympathetic nervous system (PNS) on functionality, cognition, and antioxidant capacity through 
respiratory function.
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On the other hand, Table 3 also shows the differences based on ALS type for the model measures. In this case, 
there were no statistically significant differences in either group, although there was a difference with a medium 
effect size (d = 0.50), specifically for antioxidant capacity, with higher values for the spinal type.

Discussion
Autonomic dysfunction, also known as dysautonomia, is a facet of ALS that deserves further exploration because of 
its direct impact on patients’ quality of life and survival17. Limited published research has documented variations 
in the function of the autonomic nervous system (ANS) in patients with ALS, observing alterations in HRV and 
cardiovascular response, suggesting an imbalance between sympathetic and parasympathetic activity12,16,17. This 
imbalance, as previously observed in our laboratory for the same population, is characterized by sympathetic 
nervous system hyperactivity relative to that of the parasympathetic nervous system15, as previously described by 
other authors13. Additionally, the progressive nature of autonomic dysfunction in ALS has been observed using 
various measures such as heart rate variability and questionnaires assessing autonomic symptoms. Specifically, 
Dubbioso et al. (2023) found that autonomic dysfunction, assessed using composite autonomic symptom scores, 
is associated with disease progression and survival in ALS57. In this study, the authors also showed a correlation 
between autonomic dysfunction and clinical milestones, such as reaching King’s stage 4. These findings support 
our observations and underscore the importance of considering autonomic dysfunction in ALS management.

In the current study, we attempted to delve deeper into the consequences of dysautonomia on certain 
functions that are altered in ALS. As described in the results, as there were no significant differences between the 
unrestricted model showing the direct and indirect effects of the ANS (Fig. 1) and the restricted model showing 
the indirect effects of the ANS (Fig. 2), our results should be adjusted to the second model, showing a clear 
mediating effect of respiratory insufficiency. However, to compare the direct and indirect effects of the ANS on 
cognition, functionality, and oxidative status in patients with ALS, we compared the results obtained using both 
models. In terms of functionality, our model did not indicate a direct impact of the sympathetic nervous system 
(β = 0.06) or the parasympathetic nervous system (β = 0.07). However, the effect size of respiratory function on 
functionality was of a large and positive magnitude (β = 0.37) (Fig. 1), which was confirmed in the restricted 
model (Fig. 2) with a slightly larger effect size (β = 0.38). Therefore, deterioration of respiratory function appears 
to be particularly relevant, consistent with the findings in other diseases that involve respiratory insufficiency58.

Regarding cognitive impairments, there is no scientific evidence that they are due to the ANS, but rather to 
the significant role of respiration24. However, our results show a medium direct influence of sympathetic and 
parasympathetic activity (β = − 0.16 and β = 20, respectively) (Fig. 1), albeit with opposite signs; hence, higher 
sympathetic system activity leads to lower patient cognition capacity, while higher parasympathetic activity 
leads to better cognition. Despite this relationship, the effect was much greater when considering the effect of 
the ANS on respiration, both in the unrestricted model (with an effect of β = 0.39) and in the restricted model 
(β = 0.33).

Finally, it has been confirmed that oxidative stress in certain pathologies is promoted by increased sympathetic 
activity30. In line with this, in our unrestricted model, there was a weak direct negative relationship (β = − 0.10) 

Factor

Sex

Mean (SD) t d

Sympathetic ANS Male: 0.01 (0.06)
Female: -0.01 (0.02) t72 = 1.48, p = 0.143 0.35

Parasympathetic ANS Male: 1.88 (25.59)
Female: -2.96 (12.05) t72 = 0.95, p = 0.344 0.23

Respiratory function Male: 0.31 (0.83)
Female: -0.48 (0.57) t72 = 4.45, p < 0.001 1.06

Cognitive state Male: 0.56 (4.31)
Female: -0,95 (6.09) t72 = 1.25, p = 0.217 0.30

Antioxidant capacity Male: 0,03 (0.06)
Female: -0.04 (0.05) t72 = 4.58, p < 0.001 1.09

Functional capacity Male: 29.13 (8.04)
Female: 27.17 (9.76) t72 = 0.94, p = 0.350 0.22

Factor Type of ALS

Sympathetic ANS Spinal: -0.00 (0.06)
Bulbar: 0.00 (0.03)

t72 = -0.15, 
p = 0.882

-
0.04

Parasympathetic ANS Spinal: -1.37 (16.75)
Bulbar: 5.79 (35.23)

t72 = -1.13, 
p = 0.261

-
0.36

Respiratory function Spinal: 0.04 (0.78)
Bulbar: -0.18 (1.01) t72 = 0.87, p = 0.366 0.26

Cognitive state Spinal: -0.15 (5.13)
Bulbar: 0.45 (5.09)

t72 = -0.39, 
p = 0.696

-
0.12

Antioxidant capacity Spinal: 0.01 (0.06)
Bulbar: -0.03 (0.08) t72 = 1.69, p = 0.096 0.50

Functional capacity Spinal: 28.98 (8.35)
Bulbar: 25.71 (10.16) t72 = 1.27, p = 0.210 0.38

Table 3.  Differences according to sex and type of ALS for the predictive model measures.
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between the sympathetic nervous system and the patient’s antioxidant capacity. However, this relationship 
became strong and positive (β = 0.49) when evaluated through respiratory function, a finding confirmed in the 
restricted model with a slightly lower value (β = 0.45) (Fig. 2). This could indicate that the direct effect of the 
sympathetic system is reversed through respiration, while the parasympathetic effect may be modulating in ALS 
patients (β = − 0.13) (Fig. 1), as seen in exacerbated COPD patients59, where worse respiratory function leads to 
higher parasympathetic activity.

Therefore, in our model, what appears most relevant to the disease is the relationship between autonomic 
dysfunction, primarily involving the sympathetic nervous system (especially hyperactive in these patients), and 
respiratory insufficiency (which in turn represents one of the main causes of death in ALS)12,20. This effect has 
already been observed in patients with COPD, who have a higher risk of cardiovascular disease (CVD)60 and 
show worsening VFC compared to healthy individuals61. This clear relationship between both variables seems 
to justify the hypothesis proposed in this study regarding the potential mediating role of respiratory function 
between ANS activity and cognition, antioxidant capacity, and functional ability.

Regarding the possible influence of sex, age, and ALS type (bulbar or spinal) on the model variables, 
differences were found only based on sex, with respiratory capacity and antioxidant power being higher in men.

Thus, our results support the hypothesis that autonomic dysfunction in ALS occurs in a manner analogous 
to the alteration of motor neurons, which is in turn a consequence of the combination of degeneration within 
the central structures62,63. y periféricas64,65. Furthermore, our results showed a positive relationship between 
sympathetic activity and respiratory function, which could be primarily attributed to the increase in plasma 
noradrenaline, which has been previously described in these patients66,67. In turn, deterioration of respiratory 
function has already been associated with greater functional disability68, which could ultimately be explained 
by an increase in muscle fatigue resulting from a lack of oxygen in the blood. Regarding the hypothesis that 
respiratory function serves as the link between ANS activity and cognitive capacity, it is worth noting that 
autonomic dysfunction has also been described in frontotemporal lobar degeneration69. This is why respiratory 
system disorder may precisely be the link between both variables, as it is the leading cause of death in patients 
with frontotemporal lobar degeneration70. Finally, impaired respiratory function is associated with oxidative 
stress71. In this regard, pathways that generate reactive oxygen species (ROS)72,73 and those that promote reactive 
nitrogen species (RNS) in the human lung are well described in response to injury74.

This finding, combined with the existing literature on the role of oxidative stress in ALS5,7, suggests that 
therapies aimed at improving respiratory function and/or enhancing antioxidant capacity may be promising for 
mitigating disease progression. For example, non-invasive ventilation and/or antioxidant supplementation have 
already been used with promising results75.

Regarding the limitations of the study, it is worth noting that a small population sample was used; 
furthermore, the means of heart rate variability showed a lot of variance, thus being unstable. In this sense, 
it should be taken into account that individuals who agreed to participate in clinical studies may differ 
systematically from the broader ALS population; that is, we assume that the inherent limitations of voluntary 
participation mean that some degree of selection bias cannot be entirely ruled out. Therefore, further research in 
larger, more diverse cohorts is needed to confirm the generalizability of our findings to a wider ALS population. 
In addition, it would be of interest to further delve into this analysis, adding other biomarkers of oxidative 
stress and inflammation, among others, to help understand the role of the ANS in ALS. In this sense, we have 
not taken into account the recent role of the endocannabinoid system, including the profile of circulating lipid 
mediators, as potential biomarkers of disease progression in ALS. Future studies should explore the potential 
connection between neuroinflammation, energy metabolism, and the endocannabinoid system in ALS. Several 
studies76,77, have explored the role of endocannabinoids in ALS, suggesting potential therapeutic avenues. 
Further research incorporating analyses of circulating lipid mediators could provide valuable insights into the 
complex pathophysiology of ALS, and potentially identify novel therapeutic targets. We also propose to assess 
the role of sex in the association between variables. Finally, another limitation of this study is the use of systemic 
measurements of antioxidant capacity, which reflect overall bodily status rather than specifically intraneuronal 
processes. Future studies could benefit from prospective studies involving long-term follow-up, de oxidant/
antioxidant alterations in cerebrospinal fluid (CSF), or conducting cellular experiments using motor neurons 
derived from induced pluripotent stem cells (iPSCs) of ALS patients to gain a more direct understanding of 
neuronal oxidative stress.

Based on this study, it can be concluded that the relationship between the sympathetic nervous system and 
respiratory capacity is high and positive, whereas the relationship between the parasympathetic system and 
respiratory capacity is low and negative. Regarding functional disability, it appears that the effect of the ANS 
is primarily due to the mediating effect of respiration, whereas for cognitive activity, there is a moderate ANS 
effect that is greatly enhanced by respiratory impairment. Finally, ANS, through sympathetic activity, appears to 
weakly promote oxidative stress directly, although this effect is reversed when evaluating the mediating effect of 
respiration. In this way, higher respiratory function leads to greater antioxidant capacity and, therefore, lower 
oxidative stress, with the role of the parasympathetic system apparently being modulating in nature. These 
conclusions highlight the therapeutic importance of complementing current pharmacological treatments with 
therapies aimed primarily at improving respiratory function.

Data availability
The data that support the findings of this study are available on request from the corresponding author. The data 
are not publicly available due to privacy or ethical restrictions.

Received: 27 September 2024; Accepted: 17 March 2025

Scientific Reports |        (2025) 15:10513 7| https://doi.org/10.1038/s41598-025-94844-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


References
	 1.	 Brown, R. H. & Al-Chalabi, A. Amyotrophic lateral sclerosis. N Engl. J. Med. 377, 162–172. https://doi.org/10.1056/NEJMra1603471 

(2017). 
	 2.	 Camacho, A., Esteban, J. & Paradas, C. Report by the Spanish foundation for the brain on the social impact of amyotrophic lateral 

sclerosis and other neuromuscular disorders. Neurol. (engl ed). 33, 35–46. https://doi.org/10.1016/j.nrl.2015.02.003 (2018).
	 3.	 Brooks, B. R. & Subcommittee on Motor Neuron Diseases/Amyotrophic Lateral Sclerosis of the World Federation of Neurology 

Research Group on Neuromuscular. El Escorial World Federation of Neurology criteria for the diagnosis of amyotrophic lateral 
sclerosis. Diseases and the El Escorial Clinical limits of amyotrophic lateral sclerosis workshop contributors. J. Neurol. Sci. 
124(Suppl), 96–107 https://doi.org/10.1016/0022-510x(94)90191-0 (1994).

	 4.	 Logroscino, G. et al. Incidence of amyotrophic lateral sclerosis in Europe. J. Neurol. Neurosurg. Psychiatry. 81, 385–390 (2010).
	 5.	 Bozzo, F., Mirra, A. & Carri, M. T. Oxidative stress and mitochondrial damage in the pathogenesis of ALS: New perspectives. 

Neurosci. Lett. 636, 3–8. https://doi.org/10.1016/j.neulet.2016.04.065 (2017).
	 6.	 Valko, K. & Ciesla, L. Amyotrophic lateral sclerosis. In Progress in Medicinal Chemistry vol. 1, pp. 63–117 (Elsevier, 2019). ​h​t​t​p​s​:​/​/​

d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​b​s​.​p​m​c​h​.​2​0​1​8​.​1​2​.​0​0​​​​​. 
	 7.	 Park, H. R. & Yang, E. J. Oxidative stress as a therapeutic target in amyotrophic lateral sclerosis: Opportunities and Limitati0ons. 

Diagnostics (Basel). 11, 1546. https://doi.org/10.3390/diagnostics11091546 (2021).
	 8.	 Quereshi, M., Schoenfeld, D. A., Paliwal, Y., Shui, A. & Cudkowics, M. E. The natural history of ALS is changing: Improved 

survival. Amyotroph. Lateral Scler. 10, 324–331. https://doi.org/10.3109/17482960903009054 (2009).
	 9.	 Pavlovic, S. et al. Impairment of cardiac autonomic control in patients with amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. 

11, 272–276. https://doi.org/10.3109/17482960903390855 (2010).
	10.	 Merico, A. & Cavinato, M. Autonomic dysfunction in the early stage of ALS with bulbar involvement. Amyotroph. Lateral Scler. 12, 

363–367. https://doi.org/10.3109/17482968.2011.584628 (2011).
	11.	 Chida, K., Sakamaki, S. & Takasu, T. Alteration in autonomic function and cardiovascular regulation in amyotrophic lateral 

sclerosis. J. Neurol. 236, 127–130. https://doi.org/10.1007/bf00314326 (1989).
	12.	 Pimentel, R. M. M. et al. Decreased heart rate variability in individuals with amyotrophic lateral sclerosis. Respir Care. 64, 1088–

1095. https://doi.org/10.4187/respcare.06681 (2019).
	13.	 Tanaka, Y. et al. Cardiac sympathetic function in the patients with amyotrophic lateral sclerosis: Analysis using cardiac [123I] 

MIBG scintigraphy. J. Neurol. 260, 2380–2386. https://doi.org/10.1007/s00415-013-7005-0 (2013).
	14.	 Pinto, S., Pinto, I. & De Carvalho, M. Decreased heart rate variability predicts death in amyotrophic lateral sclerosis. Muscle Nerve. 

46, 341–345. https://doi.org/10.1002/mus.23313 (2012).
	15.	 Maset-Roig, R. et al. Analysis of heart rate variability in individuals affected by amyotrophic lateral sclerosis. Sens. (Basel). 24, 2355. 

https://doi.org/10.3390/s24072355 (2024).
	16.	 Papadopoulou, M. et al. Autonomic dysfunction in amyotrophic lateral sclerosis: A neurophysiological and neurosonology study. 

J. Neuroimaging. 32, 710–719. https://doi.org/10.1111/jon.12993 (2022).
	17.	 Oprisan, A. L. & Popescu, B. O. Dysautonomia in amyotrophic lateral sclerosis. Int. J. Mol. Sci. 24, 14927. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​

i​j​m​s​2​4​1​9​1​4​9​2​7​​​​ (2023).
	18.	 Akselrod, S. et al. Power spectrum analysis of heart rate fluctuation: A quantitative probe of Beat-to-Beat cardiovascular control. 

Science 213, 220–222. https://doi.org/10.1126/science.6166045 (1981).
	19.	 Bombaci, A. et al. Sensory neuropathy in amyotrophic lateral sclerosis: A systematic review. J. Neurol. 270 (12), 5677–5691. ​h​t​t​p​s​:​

/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​4​1​5​-​0​2​3​-​1​1​9​5​4​-​1​​​​ (2023).
	20.	 Gentile, F. et al. The peripheral nervous system in amyotrophic lateral sclerosis: Opportunities for translational research. Front. 

Neurosci. 13, 601. https://doi.org/10.3389/fnins.2019.00601 (2019).
	21.	 Phukan, J., Pender, N. P. & Hardiman, O. Cognitive impairment in amyotrophic lateral sclerosis. Lancet Neurol. 6, 994–1003. 

https://doi.org/10.1016/S1474-4422(07)70265-X (2007).
	22.	 Neary, D. et al. Frontotemporal Lobar degeneration: A consensus on clinical diagnostic criteria. Neurology 51, 1546–1554. ​h​t​t​p​s​:​/​/​

d​o​i​.​o​r​g​/​1​0​.​1​2​1​2​/​W​N​L​.​5​1​.​6​.​1​5​4​​​​ (1998).
	23.	 De Marchi, F. et al. Cognitive dysfunction in amyotrophic lateral sclerosis: Can we predict it? Neurol. Sci. 42 (6), 2211–2222. 

https://doi.org/10.1007/s10072-021-05188-0 (2021).
	24.	 Huynh, W., Sharplin, L. E., Caga, J., Highton-Williamson, E. & Kiernan, M. C. Respiratory function and cognitive profile in 

amyotrophic lateral sclerosis. Eur. J. Neurol. 27, 685–691. https://doi.org/10.1111/ene.14130 (2020).
	25.	 Taveira, F. M., Teixeira, A. L. & Domingues, R. B. Early respiratory evaluation should be carried out systematically in patients with 

multiple sclerosis. Arq. Neuropsiquiatr. 71, 142–145. https://doi.org/10.1590/s0004-282x2013000300003 (2013).
	26.	 Lumetti, F. et al. Quality of life and functional disability in patients with interstitial lung disease related to systemic sclerosis. Acta 

Biomed. 86, 142–148 (2015).
	27.	 Pialoux, V. et al. Effects of exposure to intermittent hypoxia on oxidative stress and acute hypoxic ventilatory response in humans. 

Am. J. Respir. Crit. Care Med. 180 (10), 1002–1009. https://doi.org/10.1164/rccm.200905-0671OC (2009).
	28.	 Bolanos, J. P. & Almeida, A. Roles of nitric oxide in brain hypoxia-ischemia. Bba-Bioenergetics 1411 (2–3), 415–436. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​

g​/​1​0​.​1​0​1​6​/​s​0​0​0​5​-​2​7​2​8​(​9​9​)​0​0​0​3​0​-​4​​​​ (1999).
	29.	 Mercanoglu, G., Safran, N., Uzun, H. & Eroglu, L. Chronic emotional stress exposure increases infarct size in rats: The role of 

oxidative and nitrosative damage in response to sympathetic hyperactivity. Methods Find. Exp. Clin. Pharmacol. 30, 745–752. 
https://doi.org/10.1358/mf.2008.30.10.1316822 (2008).

	30.	 Abrahamovych, M., Abrahamovych, O., Fayura, O., Fayura, L. & Tolopko, S. The effect of oxidative stress on the autonomic 
nervous system in patients with liver cirrhosis. Georgian Med. News. 298, 94–99 (2020).

	31.	 Thayer, J. F., Åhs, F., Fredrikson, M., Sollers, J. J. & Tor, A. A meta-analysis of heart rate variability and neuroimaging studies: 
Implications for heart rate variability as a marker of stress and health. Neurosci. Biobehav. Rev.. 36, 747–756. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
1​6​/​j​.​n​e​u​b​i​o​r​e​v​.​2​0​1​1​.​1​1​.​0​0​9​​​​ (2012).

	32.	 Shaffer, F. & Ginsberg, J. P. An overview of heart rate variability metrics and norms. Front. Public. Health. 5, 258. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​3​3​8​9​/​f​p​u​b​h​.​2​0​1​7​.​0​0​2​5​8​​​​ (2017).

	33.	 Laborde, S., Mosley, E. & Thayer, J. F. Heart rate variability and cardiac vagal tone in psychophysiological research – 
recommendations for experiment planning, data analysis, and data reporting. Front. Psychol. 213, 1–8 ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​f​p​s​
y​g​.​2​0​1​7​.​0​0​2​1​3​​​​​. (2017).

	34.	 Appelhans, B. M. & Luecken, L. J. Heart rate variability as an index of regulated emotional responding. Rev. Gen. Psychol. 10, 
229–240. https://doi.org/10.1037/1089-2680.10.3.229 (2006).

	35.	 Hayano, J. & Yuda, E. Assessment of autonomic function using long-term heart rate variability: Beyond the classical framework of 
LF and HF measurements. J. Physiol. Anthropol. 40 https://doi.org/10.1186/s40101-021-00272-y (2021).

	36.	 Heiman-Patterson, T. D. et al. Pulmonary function decline in amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Frontotemporal 
Degener. 22, 54–61. https://doi.org/10.1080/21678421.2021.1910713 (2021).

	37.	 Lechtzin, N., Rothstein, J., Clawson, L. & Diette, Wiener, C. Amyotrophic lateral sclerosis: Evaluation and treatment of respiratory 
impairment. Amyotroph. Lateral Scler. Other Motor Neuron Disord. 3, 5–13. https://doi.org/10.1080/146608202317576480 (2002).

Scientific Reports |        (2025) 15:10513 8| https://doi.org/10.1038/s41598-025-94844-y

www.nature.com/scientificreports/

https://doi.org/10.1056/NEJMra1603471
https://doi.org/10.1016/j.nrl.2015.02.003
https://doi.org/10.1016/0022-510x(94)90191-0
https://doi.org/10.1016/j.neulet.2016.04.065
https://doi.org/10.1016/bs.pmch.2018.12.00
https://doi.org/10.1016/bs.pmch.2018.12.00
https://doi.org/10.3390/diagnostics11091546
https://doi.org/10.3109/17482960903009054
https://doi.org/10.3109/17482960903390855
https://doi.org/10.3109/17482968.2011.584628
https://doi.org/10.1007/bf00314326
https://doi.org/10.4187/respcare.06681
https://doi.org/10.1007/s00415-013-7005-0
https://doi.org/10.1002/mus.23313
https://doi.org/10.3390/s24072355
https://doi.org/10.1111/jon.12993
https://doi.org/10.3390/ijms241914927
https://doi.org/10.3390/ijms241914927
https://doi.org/10.1126/science.6166045
https://doi.org/10.1007/s00415-023-11954-1
https://doi.org/10.1007/s00415-023-11954-1
https://doi.org/10.3389/fnins.2019.00601
https://doi.org/10.1016/S1474-4422(07)70265-X
https://doi.org/10.1212/WNL.51.6.154
https://doi.org/10.1212/WNL.51.6.154
https://doi.org/10.1007/s10072-021-05188-0
https://doi.org/10.1111/ene.14130
https://doi.org/10.1590/s0004-282x2013000300003
https://doi.org/10.1164/rccm.200905-0671OC
https://doi.org/10.1016/s0005-2728(99)00030-4
https://doi.org/10.1016/s0005-2728(99)00030-4
https://doi.org/10.1358/mf.2008.30.10.1316822
https://doi.org/10.1016/j.neubiorev.2011.11.009
https://doi.org/10.1016/j.neubiorev.2011.11.009
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.1037/1089-2680.10.3.229
https://doi.org/10.1186/s40101-021-00272-y
https://doi.org/10.1080/21678421.2021.1910713
https://doi.org/10.1080/146608202317576480
http://www.nature.com/scientificreports


	38.	 Miller, M. R. et al. Standardisation of spirometry. Eur. Respir J. 26, 319–338. https://doi.org/10.1183/09031936.05.00034805 (2005).
	39.	 De Icaza-Valenzuela, M. M. et al. Validation of the Edinburgh cognitive and behavioural ALS screen (ECAS) in behavioural variant 

frontotemporal dementia and Alzheimer’s disease. Int. J. Geriatr. Psychiatry. 36, 1576–1587. https://doi.org/10.1002/gps.5566 
(2021).

	40.	 Hodgins, F., Mulhern, S. & Abrahams, S. The clinical impact of the Edinburgh cognitive and behavioural ALS screen (ECAS) and 
neuropsychological intervention in routine ALS care. Amyotroph. Lateral Scler. Front. Degener. 21, 92–99. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​8​0​
/​2​1​6​7​8​4​2​1​.​2​0​1​9​.​1​6​7​4​8​7​4​​​​ (2020).

	41.	 Rubio, C. P., Tvarijonaviciute, A., Martínez-Subiela, S., Hernández-Ruiz, J. & Cerón., J. J. Validation of an automated assay for the 
measurement of cupric reducing antioxidant capacity in serum of dogs. BMC Vet. Res. 137 ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​s​1​2​9​1​7​-​0​1​6​-​0​7​
6​0​-​2​​​​ (2016).

	42.	 Kollewe, K. et al. ALSFRS-R score and its ratio: A useful predictor for ALS-progression. J. Neurol. Sci. 275, 69–73. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​0​1​6​/​j​.​j​n​s​.​2​0​0​8​.​0​7​.​0​1​6​​​​ (2008).

	43.	 Arbuckle, J. L. Amos 7.0 User’s Guide. SPSS (2006).
	44.	 Bentler, P. M. & Bonett, D. G. Significance tests and goodness of fit in the analysis of covariance structures. Acad. Psychol. Bull. 88, 

588–606. https://doi.org/10.1037/0033-2909.88.3.588 (1980).
	45.	 Jöreskog, K. G. & Sörbom, D. LISREL 8: User’s guide. Sci. Softw. Int. 1, 1–35 (1993).
	46.	 Hu, L. & Bentler, P. M. Cutoff criteria for fit indexes in covariance structure analysis: Conventional criteria versus new alternatives. 

Struct. Eq. Model. Multidiscip. J. 6, 1–55 (1999).
	47.	 Steiger, J. H. Structural model evaluation modification: An interval Estimation approach. Multivar. Behav. Res. 25, 173–180. 

https://doi.org/10.1207/s15327906mbr2502_4 (1990).
	48.	 Hair, J. F., Anderson, R. E., Tatham, R. L. & Black, W. C. Análisis multivariante. 5ª edición. Prentice Hall (1999).
	49.	 Bentler, P. M. Comparative fit indexes in structural models. Psychol. Bull. 107, 238–246. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​7​/​0​0​3​3​-​2​9​0​9​.​1​0​7​.​2​.​

2​3​8​​​​ (1990).
	50.	 Tucker, L. R. & Lewis, C. A reliability coefficient for maximum likelihood factor analysis. Psychometrika 38, 1–10. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​

1​0​.​1​0​0​7​/​B​F​0​2​2​9​1​1​7​0​​​​ (1973).
	51.	 James, L. R., Mulaik, S. A. & Brett, J. M. Causal Analysis: Models, Assumptions and Data (Sage, 1982).
	52.	 Byrne, B. M. Structural Equation Modeling with AMOS Basic Concepts, Applications and Programming (Lawrence Erlbaum, 2001).
	53.	 Holmbeck, G. N. Toward terminological, conceptual and statistical clarity in the study of mediadors and moderators: Examples 

from the child-clinical and pediatric psychology literatures. J. Consult Clin. Psychol. 65, 599–610. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​7​/​0​0​2​2​-​0​0​
6​X​.​6​5​.​4​.​5​9​9​​​​ (1997).

	54.	 Ato, M. & Vallejo, G. Los efectos de terceras variables En La investigación psicológica. Anales De Psicología. 27, 550–561 (2011).
	55.	 Bollen, K. A. & Stine, R. A. Bootstrapping goodness-of-fit measures in structural equation models. In: Testing structural equation 

models. Sociological Methods & Research Sage (eds. Bollen, K. A. & Long, J. S.) vol. 21, pp. 205–229 (1993). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​7​7​
/​0​0​4​9​1​2​4​1​9​2​0​2​1​0​0​2​0​0​4​​​​​​​

	56.	 Cohen, J. A. Power primer. Psychol. Bull. 112, 155–159 https://doi.org/10.1037/0033-2909.112.1.155. (1992).
	57.	 Dubbioso, R. et al. Autonomic dysfunction is associated with disease progression and survival in amyotrophic lateral sclerosis: A 

prospective longitudinal cohort study. J. Neurol. 270, 4968–4977. https://doi.org/10.1007/s00415-023-11832-w (2023).
	58.	 Mason, C., Dooley, N. & Griffiths, M. Acute respiratory distress syndrome. Clin. Med. (Lond). 16, 66–70. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​7​8​6​1​/​

c​l​i​n​m​e​d​i​c​i​n​e​.​1​6​-​6​-​s​6​6​​​​ (2016).
	59.	 Kabbach, E. Z. et al. Increased parasympathetic cardiac modulation in patients with acute exacerbation of COPD: How should we 

interpret it? Int. J. Chron. Obstruct Pulmon Dis. 12, 2221–2230. https://doi.org/10.2147/copd.s134498 (2017).
	60.	 Chen, W., Thomas, J., Sadatsafavi, M. & FitzGerald, J. M. Risk of cardiovascular comorbidity in patients with chronic obstructive 

pulmonary disease: A systematic review and meta-analysis. Rev. Lancet Respir. Med. 3, 631–639. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​s​2​2​1​3​-​2​6​
0​0​(​1​5​)​0​0​2​4​1​-​6​​​​ (2015).

	61.	 Volterrani, M. et al. Decreased heart rate variability in patients with chronic obstructive pulmonary disease. Chest 106, 1432–1437. 
https://doi.org/10.1378/chest.106.5.1432 (1994).

	62.	 Kennedy, P. G. E. & Duchen, L. W. A quantitative study of intermediolateral column cells in motor neuron disease and the Shy–
Drager syndrome. J. Neurol. Neurosurg. Psychiatry. 48, 1103–1106. https://doi.org/10.1136/jnnp.48.11.1103 (1985).

	63.	 Takahashi, H., Oyanagi, K. & Ikuta, F. The intermediolateral nucleus in sporadic amyotrophic lateral sclerosis. Acta Neuropathol. 
86, 190–192. https://doi.org/10.1007/BF00334889 (1993).

	64.	 Truini, A. et al. Small-fibre neuropathy related to bulbar and spinal-onset in patients with ALS. J. Neurol. 262, 1014–1018. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​4​1​5​-​0​1​5​-​7​6​7​2​-​0​​​​ (2015).

	65.	 Dalla Bella, E. et al. Amyotrophic lateral sclerosis causes small fiber pathology. Eur. J. Neurol. 23, 416–420. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​
/​e​n​e​.​1​2​9​3​6​​​​ (2016).

	66.	 Ohno, T. et al. Effect of Tamsulosin hydrochloride on sympathetic hyperactivity in amyotrophic lateral sclerosis. Auton. Neurosci. 
88, 94–98 (2001).

	67.	 Yamashita, A. et al. Relationship between respiratory failure and plasma noradrenaline levels in amyotrophic lateral sclerosis. Clin. 
Auton. Res. 7, 173–177 (1997).

	68.	 Yeldan, I., Gurses, H. N. & Yuksel, H. Comparison study of chest physiotherapy home training programmes on respiratory 
functions in patients with muscular dystrophy. Clin. Rehabil. 22 (8), 741–748 (2008).

	69.	 Shindo, K., Miwa, M., Kobayashi, F., Nagasaka, T. & Takiyama, Y. Muscle sympathetic nerve activity in frontotemporal Lobar 
degeneration is similar to amyotrophic lateral sclerosis. Clin. Auton. Res. 26 (1), 1–5. https://doi.org/10.1007/s10286-015-0321-y 
(2016).

	70.	 Nunnemann, S. et al. Survival in a German population with frontotemporal Lobar degeneration. Neuroepidemiology 37 (3–4), 
160–165. https://doi.org/10.1159/000331485 (2011).

	71.	 Okeleji, L. O. et al. Epidemiologic evidence linking oxidative stress and pulmonary function in healthy populations. Chronic Dis. 
Transl. Med. 7 (2), 88–99. https://doi.org/10.1016/j.cdtm.2020.11.004 (2021).

	72.	 Kinnula, V. L., Crapo, J. D. & Raivio, K. O. Generation and disposal of reactive oxygen metabolites in the lung. Lab. Investig. 73, 
3–19 (1995).

	73.	 Kinnula, V. L. & Crapo, J. D. Superoxide dismutases in the lung and human lung diseases. Am. J. Respir. Crit. Care Med. 167, 
1600–1619. https://doi.org/10.1164/rccm.200212-1479SO (2003).

	74.	 Raghu, G. et al. An official ATS/ERS/JRS/ALAT statement: Idiopathic pulmonary fibrosis: Evidence-based guidelines for diagnosis 
and management. Am. J. Respir. Crit. Care Med. 183, 788–824. https://doi.org/10.1164/rccm.2009-040GL (2011).

	75.	 de la Rubia, J. E. et al. Efficacy and tolerability of EH301 for amyotrophic lateral sclerosis: A randomized, double-blind, placebo-
controlled human pilot study. Amyotroph. Lateral Scler. Frontotemporal Degener. 20 (1–2), 115–122. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​8​0​/​2​1​6​7​
8​4​2​1​.​2​0​1​8​.​1​5​3​6​1​5​2​​​​ (2019).

	76.	 Bilsland, L. G. & Greensmith, L. The endocannabinoid system in amyotrophic lateral sclerosis. Curr. Pharm. Des. 14, 2306–2316. 
https://doi.org/10.2174/138161208785740081 (2008).

	77.	 Pryce, G. & Baker, D. Endocannabinoids in multiple sclerosis and amyotrophic lateral sclerosis. Handb. Exp. Pharmacol. 231, 
213–231 https://doi.org/10.1007/978-3-319-20825-1_7 (2015).

Scientific Reports |        (2025) 15:10513 9| https://doi.org/10.1038/s41598-025-94844-y

www.nature.com/scientificreports/

https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1002/gps.5566
https://doi.org/10.1080/21678421.2019.1674874
https://doi.org/10.1080/21678421.2019.1674874
https://doi.org/10.1186/s12917-016-0760-2
https://doi.org/10.1186/s12917-016-0760-2
https://doi.org/10.1016/j.jns.2008.07.016
https://doi.org/10.1016/j.jns.2008.07.016
https://doi.org/10.1037/0033-2909.88.3.588
https://doi.org/10.1207/s15327906mbr2502_4
https://doi.org/10.1037/0033-2909.107.2.238
https://doi.org/10.1037/0033-2909.107.2.238
https://doi.org/10.1007/BF02291170
https://doi.org/10.1007/BF02291170
https://doi.org/10.1037/0022-006X.65.4.599
https://doi.org/10.1037/0022-006X.65.4.599
https://doi.org/10.1177/0049124192021002004
https://doi.org/10.1177/0049124192021002004
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1007/s00415-023-11832-w
https://doi.org/10.7861/clinmedicine.16-6-s66
https://doi.org/10.7861/clinmedicine.16-6-s66
https://doi.org/10.2147/copd.s134498
https://doi.org/10.1016/s2213-2600(15)00241-6
https://doi.org/10.1016/s2213-2600(15)00241-6
https://doi.org/10.1378/chest.106.5.1432
https://doi.org/10.1136/jnnp.48.11.1103
https://doi.org/10.1007/BF00334889
https://doi.org/10.1007/s00415-015-7672-0
https://doi.org/10.1007/s00415-015-7672-0
https://doi.org/10.1111/ene.12936
https://doi.org/10.1111/ene.12936
https://doi.org/10.1007/s10286-015-0321-y
https://doi.org/10.1159/000331485
https://doi.org/10.1016/j.cdtm.2020.11.004
https://doi.org/10.1164/rccm.200212-1479SO
https://doi.org/10.1164/rccm.2009-040GL
https://doi.org/10.1080/21678421.2018.1536152
https://doi.org/10.1080/21678421.2018.1536152
https://doi.org/10.2174/138161208785740081
https://doi.org/10.1007/978-3-319-20825-1_7
http://www.nature.com/scientificreports


Acknowledgements
The authors would like to thank the Catholic University of Valencia San Vicente Mártir for the support offered.

Author contributions
Conceptualization, N.d.B., J.E.d.l.R.O., C.V.-C., J.P., R.M.-R., M.C., D.S.-C., I.O.S., R.F.F., B.P., A.T., C.P.R., 
M.B., R.M.-Ra. and J.A.-J.; methodology, N.d.B., J.E.d.l.R.O., J.P., D.S.-C., B.P., M.B.,. A.T. and J.A.-J.; software, 
N.d.B. and J.P.; validation, J.E.d.l.R.O. and J.A.-J; formal analysis, N.d.B., J.E.d.l.R.O., C.V.-C., J.P., R.M.-R., M.C., 
D.S.-C., I.O.S., R.F.F., B.P., A.T., C.P.R., M.B., R.M.-Ra. and J.A.-J.; investigation, N.d.B., J.E.d.l.R.O., C.V.-C., J.P., 
B.P., and J.A.-J; resources, J.E.d.l.R.O. J.P.and M.B.; data curation, N.d.B. J.P., B.P. and J.A.-J.; writing—original 
draft preparation, N.d.B., J.E.d.l.R.O., J.P., M.C., I.O.S., R.F.F., B.P., A.T., C.P.R., M.B., R.M.-Ra. and J.A.-J.; writ-
ing—review and editing, J.E.d.l.R.O., C.V.-C., R.M.-R., D.S.-C., B.P., M.B., and J.A.-J.; visualization, N.d.B., A.T. 
and J.A.-J.; supervision, J.E.d.l.R.O, J.P. and J.A.-J.; project administration, J.E.d.l.R.O. and M.B.; funding acqui-
sition, J.E.d.l.R.O and M.B. All authors have read and agreed to the published version of the manuscript and 
agree to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity 
of any part of the work are appropriately investigated and resolved. All persons designated as authors qualify for 
authorship, and all those who qualify for authorship are listed.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:10513 10| https://doi.org/10.1038/s41598-025-94844-y

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Autonomic nervous system and mediating role of respiratory function in patients with ALS
	﻿Materials and methods
	﻿Participants
	﻿Procedure
	﻿Instruments
	﻿ANS
	﻿Respiratory function
	﻿Cognition
	﻿Antioxidant capacity
	﻿Functionality
	﻿Data analysis
	﻿Ethical considerations

	﻿Results
	﻿Descriptives
	﻿Confirmatory models
	﻿Sociodemographic variables

	﻿Discussion
	﻿References


