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A B S T R A C T

Firefighters face chronic occupational stressors including trauma exposure, sleep disruption, and substantial 
physical demands that can compromise brain function and cognition. Despite increasing concern regarding 
stress-related cognitive decline in this population, limited evidence is available on whether occupational stress is 
associated with alterations in resting-state networks (RSNs) or whether such neural changes relate to cognitive 
outcomes. This study investigated occupational stress-related alterations in functional connectivity (FC) across 
major RSNs and examined their associations with cognitive performance in firefighters. Ninety-eight actively 
employed firefighters and 98 demographically matched non-firefighter controls underwent resting-state func
tional magnetic resonance imaging. RSN-specific FC was derived using independent component analysis. Group 
comparisons identified significantly higher FC within the sensorimotor network (SMN) in firefighters relative to 
controls (family-wise error-corrected P < 0.05). Within the firefighter group, both longer cumulative duration of 
emergency duties (β = 0.45, P = 0.013) and higher alcohol use levels (β = 0.37, P = 0.003) were independently 
associated with increased SMN connectivity. Moreover, SMN hyperconnectivity was significantly correlated with 
poorer psychomotor performance (β = − 0.19, P = 0.023), indicating potential behavioral consequences. These 
findings provide evidence that chronic occupational stress and maladaptive coping behaviors such as alcohol 
misuse may contribute to functional reorganization of the SMN in firefighters which may be linked to diminished 
psychomotor efficiency. The results highlight a potential neurobiological mechanism through which occupa
tional stress influences cognitive functioning and underscore the need for early identification of at-risk in
dividuals and targeted interventions to mitigate cumulative stress burdens in this vulnerable occupational group.

1. Introduction

Firefighters are consistently exposed to a wide range of occupational 
stressors throughout their careers, including repeated exposure to 
traumatic incidents, sleep disturbances, heat stress, and fatigue, which 
collectively increase vulnerability to stress-related mental health prob
lems (Kim et al., 2018; Wagner et al., 2021). Longer service duration has 
also been associated with a higher burden of mental health conditions in 
this population, indicating cumulative effects over time (Wolffe et al., 

2023). In addition, firefighters demonstrate reduced cognitive perfor
mance in specific domains such as psychomotor function and show an 
increased risk of cognitive disorders (Mann et al., 2025). However, due 
to stigma and limited access to mental health services, many firefighters 
rely on maladaptive coping strategies such as excessive alcohol con
sumption rather than seeking professional care, which may further 
exacerbate both mental health and cognitive difficulties (Karnick et al., 
2022; Kim et al., 2018). These unique combinations of occupational 
demands, maladaptive coping behaviors, and underutilization of mental 
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health support may impose a significant burden on brain function in 
firefighters. Given that mental health problems and cognitive deficits 
can impair job performance and jeopardize the safety of both firefighters 
and the public, early identification of at-risk individuals and long-term 
professional support are critical for maintaining the health and opera
tional readiness of this vulnerable workforce.

Neurobiological investigations that link occupational stress to clin
ical consequences are essential to better understand the impact of 
occupational stress on brain function and behavior, and to inform the 
development of targeted interventions. However, only a limited number 
of neuroimaging studies, including our own, have examined such 
mechanisms in firefighters. Prior functional magnetic resonance imag
ing (fMRI) studies have documented altered resting-state functional 
connectivity (FC) or task-evoked activity and reported associations with 
clinical characteristics (Jeong et al., 2019; Kim et al., 2022; Lee et al., 
2022; Reynaud et al., 2013, 2015). Nevertheless, characteristics of 
large-scale RSNs, which are intrinsic neural systems supporting a wide 
range of emotional, cognitive, and behavioral functions, remain 
underexplored in firefighters because earlier studies predominantly 
relied on seed-based analytic approaches (Jeong et al., 2019; Kim et al., 
2022; Lee et al., 2022).

The present study aimed to examine FC within networks of interest 
(NOIs), including the default mode network (DMN), salience network 
(SN), frontoparietal network (FPN), and SMN, which may be closely 
related to occupational demands experienced by firefighters such as 
sustained stress responses, emotional and cognitive regulation, and 
physical performance (Menon, 2023; Zhang et al., 2020). To focus 
specifically on the neural correlates of occupational stress, only fire
fighters without current neurological or psychiatric disorders were 
included. For any identified alterations in RSN connectivity, we assessed 
associations with cumulative emergency service duration and levels of 
alcohol use to explore potential contributing factors. In addition, asso
ciations between altered FC and psychomotor performance were eval
uated to determine possible behavioral consequences.

2. Methods

2.1. Participants

The cohort consisted of 98 professionally active Korean firefighters 
and 98 demographically matched healthy non-firefighter controls, as 
described in our previous study (Jeong et al., 2019). All firefighters had 
been employed for at least 6 months and were routinely exposed to 
chronic occupational stress during their duties. Participants were 
excluded if they had a major medical illness including neurological or 
psychiatric disorders; were taking current psychotropic medications; 
had a history of mild traumatic brain injury; or had contraindications to 
MRI. All individuals provided written informed consent, and the study 
protocol was approved by the Institutional Review Board of Ewha 
Womans University.

2.2. Clinical and cognitive assessment

South Korean firefighters are assigned a primary role at each station 
and rotate across stations throughout their careers (Kim et al., 2018). 
Emergency service duration was defined as the cumulative period of fire 
suppression, rescue operations, and emergency medical services, 
excluding administrative and support roles. Of the 98 firefighters, 81 
(82.7%) had engaged in emergency service duties for at least one year 
(mean ± SD, 8.4 ± 7.6 years), whereas 17 (17.3%) had no prior emer
gency service experience.

Alcohol use was evaluated using the Alcohol Use Disorders Identi
fication Test (AUDIT) (Saunders et al., 1993). AUDIT data were avail
able for 85 firefighters and 88 non-firefighter controls.

Psychomotor performance was assessed using the Grooved Pegboard 
Test (GPT) (Heaton et al., 2021). Participants inserted 25 metal pegs into 

keyhole-shaped slots using one hand at a time. The test was adminis
tered separately for the dominant and non-dominant hands, and the 
completion time for each hand was recorded, with a maximum time 
limit of 300 s. For statistical analysis, completion times for each hand 
were converted to z-scores based on the mean and standard deviation of 
the non-firefighter group, averaged, and reversed so that higher scores 
indicated better performance. Complete GPT data were available for 94 
firefighters and 66 non-firefighter controls.

2.3. MRI data acquisition and processing

Brain MRI data were acquired using a 3.0 Tesla Philips Achieva 
scanner (Philips Medical Systems, Best, The Netherlands) equipped with 
a 32-channel head coil. High-resolution three-dimensional T1-weighted 
structural images were acquired using the following parameters: repe
tition time (TR) = 7.4 ms, echo time (TE) = 3.4 ms, flip angle (FA) = 8◦, 
field of view (FOV) = 220 × 220 mm2, and voxel 
size = 0.86 × 0.86 × 0.86 mm3. Resting-state functional MRI scans were 
obtained using a gradient-echo echo-planar imaging (EPI) sequence with 
TR = 2000 ms, TE = 21 ms, FA = 76◦, FOV = 220 × 220 mm2, voxel 
size = 3.44 × 3.44 × 3.44 mm3, 38 slices, and 200 volumes. During 
scanning, participants remained awake with their eyes closed, avoided 
directed thought, and allowed their minds to wander.

Resting-state fMRI data were preprocessed using the FMRIB Software 
Library (FSL, version 6.0.4). The preprocessing pipeline included rigid- 
body realignment for motion correction (MCFLIRT), brain extraction 
(BET), and high-pass temporal filtering (cutoff 0.01 Hz). Single-subject 
independent component analysis (ICA) was conducted using FSL 
Multivariate Exploratory Linear Optimized Decomposition into Inde
pendent Components (MELODIC) version 3.15 (Beckmann and Smith, 
2004). Motion and physiological noise components were then identified 
and removed using FSL’s ICA-based Xnoiseifier (FIX) with a classifier 
trained on manually classified components (Griffanti et al., 2014; 
Salimi-Khorshidi et al., 2014). Cleaned fMRI data were coregistered to 
the corresponding T1-weighted image and nonlinearly registered to 
Montreal Neurological Institute (MNI) 152 standard space, followed by 
resampling to 4-mm isotropic resolution and spatial smoothing with a 
Gaussian kernel of 5-mm full width at half maximum.

Head motion was quantified using framewise displacement (FD) 
(Power et al., 2012). There were no significant group differences in 
mean FD between firefighters (mean ± SD, 0.11 ± 0.05 mm) and 
non-firefighter controls (0.10 ± 0.05 mm, t = 1.05, P = 0.296).

2.4. Functional connectivity analysis

Group ICA was conducted on the preprocessed fMRI data from all 
participants to identify coherent intrinsic networks. This data-driven 
approach decomposed the four-dimensional fMRI data into spatially 
independent components and their associated time series. Twenty-five 
independent components were extracted, of which 12 were classified 
as biologically meaningful RSNs based on spatial patterns consistent 
with established network templates (Fig. 1). Among these, the DMN, SN, 
left and right FPN, and SMN were selected as networks of interest. Each 
network map was thresholded at z > 3.0 to generate a mask, and dual 
regression was applied to obtain subject-specific spatial maps and time 
series for each network. FC within each network was estimated as voxel- 
wise parameter estimates (PEs).

Voxel-wise between-group differences in FC were assessed for each 
network using general linear modeling with age, sex, and mean FD 
included as covariates. Statistical inference was conducted using 
nonparametric permutation testing (5,000 permutations) with 
threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009). 
Results were considered significant at a family-wise error-corrected 
threshold of P < 0.05. No additional multiple-comparison correction 
was applied across the a priori selected networks of interest. To ensure 
robustness and avoid reporting small isolated clusters, only clusters 
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comprising at least 30 contiguous voxels were included as significant 
findings (Antonenko et al., 2013; Yan et al., 2025). For each significant 
cluster, mean PE values were extracted for subsequent statistical 
analyses.

To provide a more integrated perspective of the functional organi
zation, we additionally examined inter-network FC among the pre
defined NOIs. Detailed methodologies for the inter-network connectivity 
analysis using the FSLNets toolbox (v0.6) are described in the Supple
mentary Methods.

2.5. Statistical analysis

Demographic and clinical characteristics were compared between 
the firefighter and non-firefighter groups using independent t-tests, chi- 
square tests, or Fisher’s exact tests, as appropriate. Psychomotor per
formance scores were compared between groups using analysis of 
covariance, adjusting for age, sex, and education level.

To examine the potential effects of cumulative emergency duty 
exposure on altered FC in firefighters, multiple linear regression ana
lyses were conducted to evaluate the relationship between total duration 
of emergency service and FC among those with emergency duty as
signments throughout their careers. Age, sex, and mean FD were 
included as covariates. The analyses were repeated using total duration 
of employment as a firefighter in place of cumulative emergency service 
duration to determine whether connectivity alterations were specifically 
attributable to emergency duty exposure rather than general service 
length.

The effects of alcohol use on FC were examined using separate 
multiple linear regression models for each group. Independent contri
butions of cumulative emergency duty exposure and alcohol use were 
further evaluated in firefighters by including both predictors in the same 
model. Age, sex, and mean FD were controlled in all alcohol-related 
analyses.

Associations between altered FC and psychomotor performance were 
assessed using multiple linear regression models with the GPT score as 
the dependent variable and age, sex, education level, and mean FD 
included as covariates. To further examine the relationships among 
occupational stress exposure or alcohol use, SMN connectivity, and 
psychomotor performance, we performed exploratory mediation ana
lyses. Two separate models were constructed to test whether SMN 
connectivity mediates the effects of (1) cumulative emergency duty 
duration and (2) AUDIT scores on GPT scores. These analyses were 
conducted within the firefighter group. Age, sex, and mean FD were 
included as covariates for both the mediator and the dependent variable, 
with education level additionally controlled for the dependent variable. 
To evaluate the indirect effects, we employed a non-parametric boot
strapping approach with 5,000 resamples to generate 95% confidence 
intervals (CIs).

The statistical significance threshold was set at two-tailed P < 0.05. 
All analyses were performed using Stata SE version 16.0 (StataCorp, 
College Station, TX, USA).

3. Results

3.1. Participant characteristics

Participant characteristics are summarized in Table 1. The mean age 
was approximately 41 years, and the majority of participants in both 
groups were male. There were no significant between-group differences 
in age (t = 0.26, P = 0.795), sex (χ2 = 0.07, P = 0.788), education level 
(χ2 = 2.09, P = 0.148), or handedness (χ2 = 1.09, P = 0.297). Among 
firefighters, the mean total duration of employment was 13.7 ± 8.1 
years, consisting of 8.4 ± 7.6 years in emergency duties and 4.6 ± 6.9 
years in non-emergency roles. AUDIT scores were significantly higher in 
firefighters than in controls (t = − 2.03, P = 0.044), whereas current 
smoking prevalence did not significantly differ between groups (χ2 =

Fig. 1. Resting-state networks identified using independent component analysis. Of the 25 ICs extracted, 12 were classified as biologically meaningful resting-state 
networks. Spatial maps were thresholded at z > 3.0, and the color bars represent voxel-wise z values. Component numbers were assigned in descending order of 
explained variance. IC, independent component.
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1.83, P = 0.176).

3.2. Group differences in functional connectivity of resting-state networks

Voxel-wise group comparisons were performed for each RSN of in
terest, including the DMN, SN, left and right FPN, and SMN. A significant 
cluster within the precentral and postcentral gyri of the SMN showed 
greater FC in firefighters than in non-firefighter controls (peak t = 5.04, 
cluster size = 4,650 voxels, peak MNI coordinates = [− 30, − 32, 48]; 
Fig. 2). No significant between-group differences were observed in the 
other networks, indicating a network-specific alteration. Individual 
mean parameter estimate values were extracted from the significant 
cluster for subsequent correlation analyses.

In the exploratory inter-network connectivity analysis among the 15 
unique pairs of NOIs, no connections survived the false discovery rate 
(FDR)-correction (P < 0.05). However, trend-level reductions in con
nectivity were observed in firefighters compared to controls between the 
DMN and right FPN, and between the right FPN and SMN (both FDR- 
corrected P = 0.071). Detailed statistical results for all inter-network 
comparisons are presented in Supplementary Table 1.

3.3. Effects of emergency duty exposure and alcohol use on functional 
connectivity

Among firefighters assigned to emergency duties, cumulative years 
of emergency service were positively associated with increased FC 
within the SMN cluster identified in the group analysis (n = 81, β =
0.39, P = 0.025; Fig. 3A). In contrast, total service duration of fire
fighting employment was not associated with SMN connectivity (n = 98, 
β = 0.30, P = 0.298), suggesting that the observed connectivity 
enhancement may be specifically linked to emergency duty exposure.

Higher AUDIT scores were also significantly associated with 
increased SMN connectivity in firefighters (β = 0.25, P = 0.028; 
Fig. 3B), whereas no significant association was observed in non- 
firefighter controls (β = 0.11, P = 0.205).

In a multiple linear regression model including both cumulative 
emergency duty duration (β = 0.45, P = 0.013) and AUDIT scores (β =
0.37, P = 0.003), each predictor remained significantly and positively 
associated with SMN connectivity, indicating independent contributions 
of occupational stress exposure and alcohol use.

3.4. Effects of altered sensorimotor functional connectivity on 
psychomotor function

Psychomotor performance scores on the GPT in firefighters (n = 94, 
z = − 0.49 ± 0.96) were lower than those of non-firefighter controls at a 
trend level (n = 66, z = 0.00 ± 0.92, t = − 1.84, P = 0.068) after 
adjusting for age, sex, and education level.

FC within the SMN cluster was negatively associated with psycho
motor performance in firefighters (β = − 0.19, P = 0.023), whereas no 
significant association was observed among non-firefighter controls (β =
0.05, P = 0.753; Fig. 4).

Furthermore, mediation analyses showed that the indirect effects of 
emergency duty duration (b = − 0.010, P = 0.104, bootstrapped 95% CI 
= − 0.022–0.002) and AUDIT score (b = − 0.007, P = 0.121, boot
strapped 95% CI = − 0.016–0.002) on psychomotor performance via 
SMN connectivity were not statistically significant (Supplementary 
Table 2).

4. Discussion

In this study, we investigated the relationships among chronic 
occupational stress, alcohol use, resting-state brain network connectiv
ity, and psychomotor performance in firefighters. The principal finding 
was that firefighters demonstrated significantly higher FC within the 
SMN compared with non-firefighter controls. Within the firefighter 
group, both longer cumulative exposure to emergency duty and higher 
levels of alcohol use were independently associated with increased SMN 
connectivity. Notably, this SMN hyperconnectivity was further associ
ated with poorer psychomotor performance on a fine motor task. Taken 
together, these findings suggest that chronic job-related stress and 
maladaptive coping behaviors may contribute to functional alterations 
within the SMN that manifest as subtle neurocognitive deficits, even in 
firefighters who are otherwise healthy and without clinical diagnoses.

Although prior neuroimaging research on stress and trauma has 
largely focused on emotion regulation circuitry involving the amygdala 
and prefrontal cortex, the present results highlight a central role for the 
SMN. The observed SMN hyperconnectivity aligns with previous work 
demonstrating neuroplastic changes in RSN during prolonged stress 
exposure and partial recovery (Soares et al., 2013a, 2013b). In these 
studies, stressed individuals exhibited increased FC across specific net
works, including the SMN, and these alterations did not fully normalize 
over time. In addition, traumatic stress and sleep disturbance—both 
common occupational exposures among firefighters—have been linked 
to heightened sensorimotor connectivity (Bai et al., 2022; Shaw et al., 
2023). Elevated SMN connectivity may represent a state of heightened 
motor and sensory readiness that supports rapid stress responses, 

Table 1 
Participant characteristics.

Characteristics Firefighters 
(n = 98)

Non-firefighters 
(n = 98)

P

Age, years 40.9 (7.8) 41.3 (10.4) 0.795
Male, n (%) 90 (91.8%) 91 (92.9%) 0.788
Higher educationa 75 (76.5%) 83 (84.7%) 0.148
Right handedness 88 (89.8%) 92 (93.9%) 0.297
Duration of firefighter duties, years 13.7 (8.1) - -
Emergency response, years 8.4 (7.6) - -
Non-emergency response, years 4.6 (6.9) - -
AUDIT scores 9.8 (7.3)b 7.8 (5.8)c 0.044
Current smoker, n (%) 21 (24.7%)b 30 (34.1%)c 0.176

Data are presented as mean (standard deviation) or number (%).
AUDIT, Alcohol Use Disorders Identification Test.

a College degree or higher
b n = 85
c n = 88

Fig. 2. Increased functional connectivity in the sensorimotor network in fire
fighters. The cluster showing significant between-group differences in func
tional connectivity (blue to green color scale) is overlaid on the sensorimotor 
network mask (gray). The color bar indicates voxel-wise t values. Mean func
tional connectivity values extracted from the significant cluster are displayed 
for each group using violin plots combined with box plots. IC, independent 
component; L, left; PE, parameter estimate; R, right.
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particularly those involved in preparing fight-or-flight behaviors 
(Pijlman et al., 2003). This interpretation converges with evidence of 
impaired sensorimotor gating under stress (Grillon and Davis, 1997). 
Accordingly, SMN hyperconnectivity in firefighters may reflect a state of 
chronic physical readiness or hypervigilance. Given the demands of the 
profession, which require instantaneous responses to life-threatening 
emergencies, sustained upregulation of the sensorimotor system may 
strengthen functional coupling within these regions even during rest. 
This interpretation is consistent with conceptualizations of “embodied 
stress,” in which traumatic experiences become encoded not only as 
cognitive representations but also as somatic and motor patterns (Tsur 
et al., 2018; Fleming et al., 2024).

The specific association between SMN connectivity and cumulative 
emergency duty duration—rather than total length of service
—emphasizes the cumulative impact of trauma exposure (Kim et al., 
2018). This dose-dependent pattern is consistent with the allostatic load 
framework, in which repeated physiological adaptation to stressors re
sults in progressive neural and systemic strain. Clinically, these findings 
raise the possibility that SMN hyperconnectivity could function as an 
objective neural marker of cumulative stress burden in firefighters, 

detectable before the development of post-traumatic stress disorder or 
significant functional decline. Interventions that emphasize somatic 
regulation, including biofeedback and sensorimotor psychotherapy, 
may offer particular benefit by helping individuals reduce chronic 
bodily tension and restore neural efficiency.

Higher levels of alcohol use, independent of cumulative emergency 
duty exposure, were also associated with increased FC within the SMN in 
firefighters. Previous studies have reported alcohol-related increases in 
FC in the SMN among healthy individuals, accompanied by reduced 
attention and slower reaction times (Ochi et al., 2022). The underlying 
mechanism may relate to the effects of alcohol on GABAergic neuro
modulation, which suppresses neural firing yet paradoxically results in 
increased FC (Ochi et al., 2022). Elevated sensorimotor connectivity has 
also been observed in individuals with alcohol use disorder, particularly 
involving subcortical reward regions and frontal cortical networks 
(Maleki et al., 2022). These findings underscore the importance of early 
screening and intervention for excessive alcohol use in firefighters to 
mitigate potential neural consequences before the progression to alcohol 
use disorder.

Firefighters showed a trend-level reduction in GPT performance 
relative to controls. Psychomotor functioning has been recognized as 
one of the cognitive domains most susceptible to occupational stress in 
firefighters (Mann et al., 2025), and may be negatively influenced by 
poor sleep quality, heat stress, cardiovascular strain, and fatigue (Frost 
et al., 2021; Hancock et al., 2007). Although the present results are 
generally consistent with the existing literature, the smaller sample size 
available for the psychomotor analysis may have limited the statistical 
power to detect significant group differences. Given that firefighters 
perform complex and physically demanding tasks in unpredictable and 
hazardous environments, psychomotor efficiency remains a critical 
cognitive capability for operational performance and safety.

Beyond intra-network alterations, additional analyses of inter- 
network connectivity revealed trend-level reductions in the coupling 
between the DMN, FPN, and SMN. Although these findings did not 
survive FDR correction, they raise the possibility that altered functional 
organization in firefighters may extend beyond within-network con
nectivity. However, the present data did not support robust inter- 
network alterations, and these findings should therefore be interpreted 
cautiously.

The observed association between increased SMN connectivity and 
lower psychomotor performance indicates potential neural mechanisms 
underlying motor inefficiency in firefighters. This finding aligns with 
prior work demonstrating negative associations between SMN connec
tivity and fine motor skills in healthy adults (Linke et al., 2020; 
Solesio-Jofre et al., 2014). Moreover, age-related increases in 

Fig. 3. Associations between altered sensorimotor functional connectivity and (A) cumulative emergency duty duration and (B) AUDIT scores in firefighters. 
Adjusted functional connectivity (PE) values denote estimates controlling for age, sex, and mean framewise displacement. Solid lines indicate the fitted regression 
lines, and dashed lines represent 95% confidence intervals. AUDIT, Alcohol Use Disorders Identification Test; FD, framewise displacement; IC, independent 
component; PE, parameter estimate.

Fig. 4. Association between altered functional connectivity in the sensorimotor 
network and psychomotor performance in firefighters. Psychomotor function 
scores were adjusted for age, sex, mean framewise displacement, and education 
level, where higher values indicate faster performance. Solid lines represent 
fitted regression lines, and dashed lines indicate 95% confidence intervals.FD, 
framewise displacement; PE, parameter estimate.
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sensorimotor connectivity accompanied by impaired motor function 
have been documented, suggesting that vulnerability of the SMN to 
neural inefficiency may become more prominent with aging 
(Solesio-Jofre et al., 2018, 2014). Clinical neuroimaging studies have 
similarly reported that increased SMN connectivity is associated with 
psychomotor slowing in individuals with psychosis and with sensory 
and motor impairments in multiple sclerosis (Lefebvre et al., 2024; Strik 
et al., 2021). Under normal conditions, efficient movement execution 
relies on precise and selective network coupling that strengthens 
task-relevant pathways while suppressing irrelevant neural signals to 
maintain a high signal-to-noise ratio and accurate motor output. Both in 
healthy individuals and in patients with psychomotor slowing, reduced 
cortical inhibition has been linked to elevated resting-state SMN con
nectivity (Lefebvre et al., 2024). In this context, the sensorimotor 
hyperconnectivity observed in firefighters may reflect maladaptive and 
inefficient network reorganization rather than enhanced functional 
performance, characterized by diminished inhibitory control, increased 
neural noise, and compromised command fidelity, ultimately mani
festing as slower and less accurate fine motor responses (Lefebvre et al., 
2024; Solesio-Jofre et al., 2014; Strik et al., 2021). While we explored 
the mediating role of SMN connectivity between occupational stressors 
and psychomotor performance, the formal indirect effects were not 
statistically significant. This lack of significance may be partly attributed 
to limited statistical power in the subset analyses. Future larger-scale 
studies are needed to further elucidate these mechanistic pathways.

Some limitations should be taken into account when interpreting 
these findings. First, the cross-sectional design limits the ability to 
establish causal relationships between occupational stress exposure, 
alterations in FC, and cognitive outcomes. Second, although firefighters 
experience multiple forms of occupational stress, the relative contribu
tions of distinct stressors to neural alterations were not disentangled in 
the present study. Future longitudinal research incorporating compre
hensive quantification of diverse occupational exposures will be neces
sary to determine both independent and interactive effects of specific 
stressors on brain networks and associated behavioral outcomes. Third, 
the present findings may not generalize to firefighters with neuropsy
chiatric conditions such as depression or post-traumatic stress disorder, 
as the sample was restricted to individuals without clinical diagnoses or 
overt functional impairment in order to isolate the effects of occupa
tional stress in otherwise healthy firefighters.

In conclusion, this study provides evidence that chronic occupational 
stress associated with emergency duty is linked to altered FC within the 
SMN in firefighters, which may contribute to reduced psychomotor 
performance. Furthermore, elevated alcohol use may also play a 
contributory role in these neural and behavioral changes. These findings 
highlight the importance of early detection and targeted support to 
mitigate the cumulative effects of occupational stress and alcohol use, 
ultimately promoting cognitive health and operational readiness in this 
vulnerable occupational group.
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