
Archival Report

Resting-State Network Dynamics in Asthma:
Interplay Between Depressive Symptoms and
Airway Inflammation

Maxie Liebscher, Claire Laubacher, Theodore P. Imhoff-Smith, Rasmus M. Birn,
Danika R. Klaus, Corrina J. Frye, William W. Busse, and Melissa A. Rosenkranz

ABSTRACT

BACKGROUND: Asthma and depression frequently co-occur, potentially worsening each other’s symptoms. The

salience network (SN) may play a key role in this link, but the roles of the default mode network (DMN) and

frontoparietal network (FPN), as outlined in the triple network theory, remain unclear in the asthma-depression

connection. This longitudinal study investigated pre-post changes in graph-theory metrics within and between the

3 networks in individuals with asthma and how these relate to depressive symptoms.

METHODS: Twenty-four individuals with asthma underwent functional magnetic resonance imaging scans pre- and

postsegmental allergen challenge. Depressive symptoms were assessed at baseline using the Beck Depression

Inventory. Changes in graph-theory metrics were analyzed using region-of-interest (ROI)-to-ROI analyses, controlling

for sex.

RESULTS: Allergen challenge led to changes in network properties. Within-network analyses showed decreased

degree centrality (b = 0.50, false discovery rate–corrected p [pFDR] = .004) and betweenness centrality (b = 0.10,

pFDR = .025) of the posterior cingulate cortex (DMN) and reduced degree centrality of the anterior cingulate cortex

(SN), which correlated with depressive symptoms (b = 0.05, pFDR = .017). Between-network analyses showed

reduced closeness centrality in the bilateral lateral parietal during SN-DMN interactions (right: b = 0.23, pFDR =

.010; left: b = 0.23, pFDR = .013) and increased degree centrality in the left posterior parietal cortex during SN-FPN

interactions (b = 20.10, pFDR = .038), which correlated with depressive symptoms.

CONCLUSIONS: Allergen challenge alters graph-theory metrics within and between resting-state networks, with

changes linked to depression symptoms. Findings highlight the SN’s critical role in network switching and its

vulnerability to inflammation in asthma-depression connection.

https://doi.org/10.1016/j.bpsgos.2025.100527

Chronic systemic inflammation, often accompanied by fatigue,

pain, and mood disorders, is an important component in the

most prevalent chronic health conditions [for review, see (1,2)]

that account for 90% of U.S. health care expenditures (3).

Among these, asthma stands out as a common chronic in-

flammatory disease, affecting 8% of the U.S. population (4).

Characterized by inflammation, hyperreactivity of the airway,

and variable airflow obstruction, asthma is frequently comorbid

with other conditions, particularly depression (5). This comor-

bidity with depression can worsen disease control and in-

crease the risk of asthma exacerbations (6) [for review, see (7)].

Understanding the mechanisms connecting asthma and

depression is therefore crucial to identifying factors driving

these diseases.

Asthma, Depression, and Triple Network Theory

Given that depression can negatively influence asthma control

(8) and lead to altered pulmonary function (9), it is important to

understand the underlying mechanisms. Previous research

links depression, systemic inflammation, and altered salience

network (SN) function (10–13), particularly in the insula and

anterior cingulate cortex (ACC). These regions show exag-

gerated responses to emotional cues under inflammatory

conditions, such as allergen exposure in asthma (10,12,13). In

our previous study, Laubacher et al. (11), we examined

changes in resting-state functional connectivity (rsFC) within

the SN in relation to depression in patients with asthma after

an allergen exposure. We found that patients with higher

baseline depression scores experienced greater decreases in

SN rsFC, whereas those with lower depression scores main-

tained SN rsFC, suggesting resilience to inflammation-related

neural disruptions.

Building on these findings, the triple network theory (14)

suggests that the SN, default mode network (DMN), and

frontoparietal network (FPN) form a dynamic system, with the

SN facilitating switching between the DMN and FPN depend-

ing on the context (15). Typically, the DMN and FPN show

anticorrelated activity. Harrison et al. (16) found that
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inflammation-induced mood deterioration was linked to

reduced rsFC within salience and reward networks. Similarly,

Goldsmith et al. (17) reported inflammation-related dyscon-

nectivity in cortical and subcortical regions. Despite these in-

sights, interactions between these 3 resting-state networks

(RSNs), particularly between SN-DMN and SN-FPN, remain

poorly understood in the context of asthma, with and without

depression.

To further explore this, a recent study by Zheng et al. (18)

using graph theory found increased connectivity degree in the

right anterior insula (part of the SN) in individuals with

depression, suggesting dysfunctional switching between the

DMN and FPN. This highlights the SN’s critical role in regu-

lating DMN and FPN interactions, which may be relevant in

asthma. Moreover, findings from Manoliu et al. (19) showed

that the right anterior insula modulates DMN and FPN con-

nectivity, and disruptions in this region are linked to greater

depression severity. While some studies have begun exploring

relationships between the 3 RSNs in asthma, the role of

depressive symptoms remains underexplored.

Research on asthma within the framework of the triple

network theory is growing. Li et al. (20) reported network-

specific alterations in DMN- and FPN-related brain regions in

individuals with asthma. Similarly, Zhang et al. (21) found

increased SN connections with both DMN and FPN and

decreased connections between the DMN and FPN in in-

dividuals with asthma. These findings suggest that the SN may

play an important role in the neural mechanisms linking asthma

and mood. However, more research, particularly using graph-

theory metrics, is needed to better understand how depres-

sive symptoms and asthma interact within the framework of

the triple network theory.

Graph Theory Versus Other Neuroimaging Metrics

Graph theory is a valuable approach to understand neural

mechanisms linking asthma and depressive symptoms. It

quantifies complex brain network dynamics by offering insights

into network structure, including small-worldness and

centralized hubs [for review, see (22,23)]. Unlike other neuro-

imaging methods such as rsFC or diffusion tensor imaging,

graph theory not only identifies networks but also investigates

their structure and function. It reveals how brain regions

communicate and function as integrated systems [for review,

see (23)]. Identifying central nodes and their connectivity is key

to understanding how network disruptions may underlie

depressive symptoms or responses to inflammation. Graph-

theory metrics also help explain how asthma may worsen

depression and vice versa by impairing communication in re-

gions involved in emotion regulation and cognitive control,

particularly within the SN (11).

Key graph-theory metrics include betweenness centrality,

closeness centrality, and degree centrality, as well as clus-

tering coefficient, local efficiency, and global efficiency.

Betweenness centrality reflects a node’s role in connecting

other nodes [for review, see (23,24)], indicating its importance

in maintaining connections and simplifying communication. In

depression, altered activity in central nodes with high

betweenness centrality may impair the ability to facilitate

communication between brain regions involved in mood

regulation (25) [for review, see (26)].

Closeness centrality reflects how close a node is to all

others in a network [for review, see (23,24)], reflecting its ability

to quickly interact with other nodes. In depression, reduced

closeness centrality may underlie slower cognitive processing

(27) and emotional dysregulation (28). Similar disruptions in

asthma could increase emotional reactivity [for review, see

(29)]. Degree centrality, which measures a node’s total con-

nections [for review, see (23,24)], provides additional insights.

Reduced degree centrality in regions such as the insula and

ACC may signal asthma-related changes that impair mood

regulation [for review, see (30)], contributing to the high co-

morbidity with depression.

Local efficiency and global efficiency reflect how effec-

tively information is exchanged within a node’s neighbor-

hood and across the entire network, respectively [for review,

see (24)]. In depression, altered local efficiency is linked to

impaired integration of cognitive and emotional brain regions

(31), affecting emotional regulation. The clustering coefficient

indicates how interconnected a node’s neighbors are,

thereby reflecting network resilience [for review, see (24)].

While network resilience is key to emotional and cognitive

functions in both depression and asthma, the role of the

clustering coefficient in asthma-related network alterations

remains underexplored. Together, these graph-theory met-

rics may help clarify the neural mechanisms linking asthma

and depression.

Research Gaps and Objectives

Previous studies suggest that altered rsFC, particularly in the

SN, may link asthma and depression. However, the roles of

the DMN and FPN [key components of the triple network

theory (14)] remain underexplored. Because the SN is

thought to regulate dynamics between the DMN and FPN

(15), understanding these interactions is crucial. To date, no

studies have used graph theory to examine how asthma and

depressive symptoms interact across these networks. This

method could offer deeper insights than rsFC alone. The

present study addresses these gaps by applying graph-

theory analyses to explore network dynamics in asthma

and depression.

The Present Study

This longitudinal exploratory study aimed to investigate

changes in graph-theory metrics in response to allergen

challenge in patients with asthma, examining how depressive

symptoms relate to these changes within and between the SN,

DMN, and FPN.

We hypothesized that 1) graph-theory metrics will

decrease within the SN after allergen provocation, with

similar changes in the DMN and FPN due to inflammation,

and 2) between-network analyses (SN-DMN, SN-FPN) will

show altered graph-theory metrics in response to allergen

exposure, suggesting that allergen exposure affects SN’s

role in switching between the DMN and FPN. In addition, 3)

within and 4) between networks, changes in graph-theory

metrics will vary by baseline depression scores, with
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higher depression correlating with more disrupted network

dynamics.

METHODS AND MATERIALS

Participants

A total of 26 participants diagnosed with asthma and no other

serious health problems were included in this study. They had

mild impairment of lung function (forced expiratory volume in 1

second [FEV1] $ 70%), showed clinically significant revers-

ibility of airway obstruction (12% reversibility or provocative

concentration 20 response to methacholine #16.0 mg/mL),

had not used corticosteroids for over a month, and showed

clinically significant impairment of lung function ($20%

decrease in FEV1) in response to allergens. Participants who

were treated for depression and anxiety (n = 4) were on a

stable dose for at least one month. The University of

Wisconsin-Madison Institutional Review Board approved all

study procedures, and participants provided a written informed

consent. During functional magnetic resonance imaging (fMRI)

preprocessing, 2 participants were excluded due to excessive

movement or poor coregistration, leaving a final sample of 24

participants.

Study Design

Participants were examined immediately before and 48 hours

after airway inflammation induced by segmental bronchoprovo-

cation with an allergen (SBP-Ag). Both pre- and postchallenge

examinations included assessments of depressive symptoms

and resting-state fMRI (rs-fMRI). Participants did not use bron-

chodilator medication for at least 6 hours before assessments.

Procedures

Segmental Bronchoprovocation With an Allergen. All

participants underwent SBP-Ag. Details are provided in the

Supplement.

Depressive Symptoms. Depressive symptoms were

assessed immediately before and 48 hours after SBP-Ag using

the Beck Depression Inventory (BDI) (32). Only the BDI total

score before SBP-Ag (baseline) was included in the analyses.

Details are provided in the Supplement.

Neuroimaging Acquisition and Preprocessing. Struc-

tural and functional MRI data were collected before each

bronchoscopy on a GE Discovery MR750 3T MRI scanner with

a 32-channel head coil. Details on neuroimaging acquisition

Figure 1. Visualization of the triple network the-

ory, proposed hypotheses, and key within- and

between-network graph-theory results, showing

pre-post changes after the allergen challenge (main

effects, models without depression scores) and their

correlation with baseline depression symptoms

(models with depression scores) in individuals with

asthma. Summarized visualization of the proposed

dynamic interactions among the 3 resting-state

networks (salience network [SN], default mode

network [DMN], and frontoparietal network [FPN])

based on the triple network theory (A), hypotheses

(B), and significant findings from the main effects (C)

and correlational analyses (D) within and between

the networks. (A) According to the triple network

theory, DMN and SN, as well as DMN and FPN,

exhibit an anticorrelated interaction, while SN and

FPN show a correlated interaction. The SN plays a

crucial role in switching between the DMN and FPN.

(B) We hypothesized that the interactions between

the SN-DMN and SN-FPN would be altered, along

with a decrease in within-SN graph-theory metrics

(shown in red) in response to the allergen challenge.

Additionally, we expect changes in graph-theory

metrics within the DMN and FPN (without a spe-

cific direction; shown in blue). (C) Main effect ana-

lyses revealed that, within the DMN, the posterior

cingulate cortex exhibited decreases in graph-

theory metrics in response to the allergen chal-

lenge. Between the SN and DMN, the bilateral lateral

parietal also showed decreases in graph-theory

metrics after the allergen challenge. (D) Correla-

tional analyses between baseline depression scores

and changes in graph-theory metrics showed that

the anterior cingulate cortex within the SN exhibited

decreases in graph-theory metrics. Between the SN

and FPN, the left posterior parietal cortex showed increases in graph-theory metrics (shown in yellow) in correlation with baseline depression scores. Altered

connections between network nodes, based on our hypotheses and findings, are represented by dotted lines.
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and preprocessing procedures are provided in the

Supplement.

Graph-Theory Resting-State Analyses. Graph-theory

metrics within and between networks were calculated using

the CONN Toolbox (version 22.a) (33), with implemented re-

gions of interest (ROIs) from an independent component

analysis of 497 participants in the Human Connectome Project

(33,34). For each network, corresponding ROIs were selected:

SN (ACC, anterior insula [bilateral], amygdala [bilateral]), DMN

(medial prefrontal cortex, posterior cingulate cortex [PCC],

lateral parietal [LP] [bilateral]), and FPN (lateral prefrontal cortex

[bilateral], posterior parietal cortex [PPC] [bilateral]). Detailed

information, including Montreal Neurological Institute co-

ordinates of all ROIs, is provided in the Supplement. For within-

network analyses, all ROIs of each network were included. For

between-network analyses, all ROIs of the respective network

combinations (SN-DMN, SN-FPN) were included.

To test the main effect of airway inflammatory challenge

within and between networks, changes in graph-theory metrics

in response to SBP-Ag were calculated, covarying for sex. To

further examine correlations with depression, the pre-post

changes in each graph-theory metric were correlated with

baseline depression scores, also controlled for sex. A one-

sided (positive) cost threshold of 0.36 was applied for within-

network analyses and 0.26 for between-network analyses,

based on an exploratory approach to select cost thresholds

that maximized the difference between local efficiency and

global efficiency scores compared with lattices, as suggested

by CONN’s developer (35). An analysis threshold of p , .05,

false discovery rate (FDR) corrected, was applied. Within-

network analyses focused on betweenness centrality, close-

ness centrality, degree centrality, and local efficiency.

Between-network analyses examined global efficiency and the

clustering coefficient. Detailed information on the mathemat-

ical calculation of graph-theory metrics in CONN can be found

elsewhere (36).

Post Hoc and Exploratory Analyses. We conducted a

series of follow-up analyses that included investigations of the

relationship between cognitive symptoms and changes in

graph-theory metrics, correlations between inflammatory

response and depression severity on changes in graph-theory

metrics, and the main effect and correlation analyses between

the DMN and FPN. Details are provided in the Supplement.

Statistical Analyses

Statistical analyses were conducted in CONN or R (version

4.4.0) (37) with RStudio (version 2024.04.0) (38). Statistical

analyses performed in CONN are described above. R was used

to calculate descriptive statistics.

RESULTS

Sample Characteristics

The sample for this study included 24 participants with

asthma. Sample characteristics are presented in Table 1.

Within-Network Analyses

Main Effect Analyses. Significant graph-theory results are

presented in Table 2 and Figure 1. Within DMN, the PCC

showed significant decreases in degree centrality (b = 0.50,

puncorrected = .001, pFDR = .004) and betweenness centrality (b =

0.10, puncorrected = .008, pFDR = .025) in response to the allergen

challenge. There were no significant graph-theory results

within SN and FPN.

Correlational Analyses. Significant within-SN graph-the-

ory results are presented in Table 2 and Figure 1. Within SN,

the ACC showed a significant correlation between baseline

depression score and decreases in degree centrality (b = 0.05,

puncorrected = .003, pFDR = .017) in response to the allergen

challenge. There were no significant graph-theory results

within DMN and FPN.

Between-Network Analyses

Main Effect Analyses. Significant graph-theory results

are presented in Table 3 and Figure 1. Between the SN and

DMN, a significant decrease in closeness centrality was

observed in response to the allergen challenge in the right LP

(b = 0.23, puncorrected = .001, pFDR = .010) and left LP (b = 0.23,

puncorrected = .003, pFDR = .013). There were no significant

graph-theory results between the SN and FPN.

Correlational Analyses. Significant graph-theory results

are presented in Table 3 and Figure 1. Between the SN and

FPN, there was a significant correlation between baseline

depression scores and increased degree centrality (b = 20.10,

puncorrected = .004, pFDR = .038) of the left PPC in response to

the allergen challenge. There were no significant graph-theory

results between the SN and DMN.

Post Hoc Analyses

Within SN, the ACC showed a significant correlation between

higher baseline cognitive symptoms of depression and de-

creases in closeness centrality (b = 0.02, puncorrected = .010,

pFDR = .041) in response to the allergen challenge. No other

significant correlations were found within the DMN (all ps $

.496 [uncorrected]) and the FPN (all ps $ .399 [uncorrected]).

Additionally, no significant correlations with between-network

change were observed for SN-DMN (all ps $ .285 [uncorrec-

ted]), SN-FPN (all ps $ .381 [uncorrected]), and DMN-FPN (all

ps $ .283 [uncorrected]).

Table 1. Sample Characteristics

Mean (SD)

or n Minimum Maximum

Sex, Female/Male 15/9 – –

Age, Years 26.54 (6.48) 19 41

Baseline Depression Scorea 8.67 (5.31) 2 21

Treated for Depression and/or

Anxiety, Yes/No

4/20 – –

aMeasured with the Beck Depression Inventory (minimum = 0, maximum = 63)

(32). Higher scores indicate more severe depression symptoms.
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DISCUSSION

This longitudinal study investigated changes in graph-theory

metrics in response to an inflammatory challenge, focusing

on varying levels of depressive symptoms, within and between

the SN, DMN, and FPN in patients with asthma. The findings

partially support our hypotheses. Significant decreases were

observed in DMN metrics (PCC) and SN-DMN metrics (bilateral

LP) after the inflammatory challenge, indicating altered network

dynamics. However, no significant main effects were found

within SN, FPN, or SN-FPN.

Depression-related differences were consistent with our

hypothesis, showing greater disruption in network dynamics

for individuals with higher depressive symptoms. In particular,

ACC metrics in SN decreased more in those with higher

baseline depression scores, while left PPC metrics (SN-FPN)

increased in those with more depressive symptoms. SN-FPN

interactions showed increased left PPC metrics in those with

more symptoms of depression. No differences were observed

within the DMN or FPN or between the SN and DMN.

Within Network

Main Effects. We observed that the airway inflammatory

provocation (SBP-Ag) affected the PCC (DMN node), with

decreases in degree centrality and betweenness centrality af-

ter the allergen challenge. Degree centrality reflects the num-

ber of direct connections a node has, indicating a reduction in

PCC’s integration within the DMN [for review, see (23,24)]. The

decrease in betweenness centrality suggests that the PCC

played a less critical role in network communication, acting as

a bridge between regions, after the challenge. We did not

observe similar findings within the SN and FPN.

The PCC, a key node of the DMN, plays a crucial role in self-

referential thought [for review, see (39,40)]. The observed

reduction in its connections and communication suggests

diminished function in response to inflammation, reflecting

impaired DMN activity in the context of acute inflammation,

consistent with previous studies on DMN alterations in in-

flammatory conditions (20). Impairments in the DMN, particu-

larly in the PCC, could disrupt cognitive and emotional

Table 2. Significant Within-Network Graph-Theory Results Showing Pre-Post Change After Allergen Challenge (Main
Effects, Models Without Depression Scores) and in Relation to Baseline Depression Symptoms (Correlation, Models With
Depression Scores) in Individuals With Asthma

Network ROI Graph-Theory Metric Condition Beta t puncorrected pFDR

Main Effect

DMN PCC Degree centrality Two sideda 0.50 3.47 .002* .009*,**

Pre . post 0.50 3.47 .001* .004*,**

Betweenness centrality Pre . post 0.10 2.59 .008* .025*,**

Correlation

SN ACC Degree centrality Two sideda 0.05 2.99 .007* .035*,**

Pre . post 0.05 2.99 .003* .017*,**

*p , .05, uncorrected; **p , .05, FDR corrected.

ACC, anterior cingulate cortex; DMN, default mode network; FDR, false discovery rate; PCC, posterior cingulate cortex; ROI, region of interest; SN, salience network.
aRefers to a general comparison between pre- and postmeasurements, indicating whether there is a difference without specifying the direction (pre . post or pre ,

post). This analysis is included for completeness. More specific directional results are reported and discussed in the text.

Table 3. Significant Between-Network Graph-Theory Results Showing Pre-Post Change After Allergen Challenge (Main
Effects, Models Without Depression Scores) and in Relation to Baseline Depression Symptoms (Correlation, Models With
Depression Scores) in Individuals With Asthma

Network ROI Graph-Theory Metric Condition Beta t puncorrected pFDR

Main Effect

SN-DMN Network Global efficiency Two sideda 20.06 22.61 .016* –

LP, right Closeness centrality Two sideda 0.23 3.44 .002* .021*,**

Pre . post 0.23 3.44 .001* .010*,**

LP, left Closeness centrality Undirected 0.23 3.07 .006* .025*,**

Pre . post 0.23 3.07 .003* .013*,**

Correlation

SN-FPN PPC, left Degree centrality Pre , post 20.10 22.90 .004* .038*,**

*p , .05, uncorrected; **p , .05, FDR corrected.

DMN, default mode network; FDR, false discovery rate; FPN, frontoparietal network; LP, lateral parietal; PPC, posterior parietal cortex; ROI, region of interest; SN,

salience network.
aRefers to a general comparison between pre- and postmeasurements, indicating whether there is a difference without specifying the direction (pre . post or pre ,

post). This analysis is included for completeness. More specific directional results are reported and discussed in the text.
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functions, including emotion regulation, attentional control,

and self-referential processing [for review, see (39,40)]. A

reduction in PCC connections may limit the flow of information

needed for these functions, affecting emotional control and

attention. While changes in PCC metrics were not significantly

associated with baseline cognitive symptoms of depression,

their impact after the allergen challenge would provide more

insight. The effect of these changes on emotion-cognition in-

teractions could be more apparent, although our current

measure of cognitive symptoms may not fully capture this.

These alterations in DMN connections and communication

may influence how patients with asthma perceive their symp-

toms, potentially heightening symptom severity and discom-

fort. In summary, allergen provocation alters not only the SN

function but also the DMN, emphasizing inflammation’s broad

impact on brain networks, although further research is needed

to confirm these findings.

Correlations With Symptoms of Depression. Our

correlational analyses revealed that the impact of the airway

inflammatory provocation (SBP-Ag) on the ACC (SN node) was

correlated with depressive symptoms. The ACC exhibited

decreases in degree centrality in response to inflammation,

with greater loss of connections in individuals with higher

depression scores. This aligns with our previous study (11), in

which those with the highest depression symptoms showed

the most significant rsFC decline within the SN. We did not

observe similar findings within the DMN and FPN.

As discussed in Laubacher et al. (11), the reduction in ACC

connectivity within the SN aligns with research linking reduced

SN connectivity to anhedonia, negative emotional bias, and

poor life satisfaction (41)—common features of depression

(42). Literature also shows that systemic inflammation, as in

asthma, is associated with reduced structural and functional

connectivity in the SN, particularly in individuals at risk of

depression [for review, see (17)]. Similar to our findings,

another graph-theory study reported reductions in nodal con-

nections due to inflammation, correlated with mood distur-

bances (43).

Between Networks

Main Effects. In response to an inflammatory challenge, the

bilateral LP (DMN nodes) showed decreased closeness cen-

trality in SN-DMN analyses, indicating impaired interaction with

other nodes. Closeness centrality reflects the efficiency of

node interaction [for review, see (23,24)], and the observed

reduction suggests slower or less efficient communication. We

did not observe similar findings between the SN and FPN.

The results of these analyses suggest that inflammation

may reorganize network interactions, impairing communication

within the DMN and between the DMN and SN. The reduction

in closeness centrality of the LP, a node important in self-

reflection and emotional regulation [for review, see (39,40)],

could contribute to cognitive disruptions and emotional reac-

tivity (12,13) in patients with asthma during inflammatory epi-

sodes. However, these changes in LP metrics were not

significantly associated with baseline cognitive symptoms of

depression, indicating that such symptoms may not fully

reflect the impact of network changes on cognition. This

underscores the importance of internetwork interactions in the

neural response to inflammation in asthma. Further research is

needed to better understand these processes and their effects

on symptom regulation.

Correlations With Symptoms of Depression. Analyses

of the SN-FPN revealed that the impact of inflammatory

provocation on the left PPC (FPN node) depended on symp-

toms of depression at baseline. Greater increases in degree

centrality of the left PPC were observed in individuals with

higher baseline depressive symptoms after the challenge. We

did not observe similar findings between the SN and DMN.

This pattern suggests that inflammation can affect neuronal

networks involved in cognitive processes [for review, see

(44–46)]. In particular, the left PPC, which is important for

attention and sensory information integration (47) [for review,

see (48)], seems to undergo reorganization in individuals with

asthma, especially those with higher baseline depression

symptoms. This reorganization might be an adaptive attempt

to compensate for impaired function in regions involved in

emotional regulation and self-referential thinking. However,

such compensatory mechanisms could have both positive and

negative implications: While they may help maintain certain

cognitive functions, they could also contribute to maladaptive

cognitive overload. Post hoc analyses revealed a correlation

between changes in graph-theory metrics and baseline

cognitive symptoms of depression within the SN, specifically in

the ACC. No such associations were found within the FPN,

suggesting that baseline cognitive symptoms may not fully

capture inflammation-related changes in the FPN. However,

the ACC’s role in switching between the DMN and FPN in-

dicates that alterations here may still contribute to cognitive

dysfunction. Further research is needed to explore the con-

sequences of these network changes and potential

interventions.

Post Hoc: Correlations With Cognitive Symptoms of

Depression

Post hoc analyses revealed that airway inflammatory provo-

cation was associated with baseline cognitive symptoms of

depression in the ACC, a node of the SN. In individuals with

higher depression-related cognitive symptoms, the ACC

exhibited decreased closeness centrality, indicating slower

communication within the SN. We did not observe similar

findings within the DMN and FPN and between the networks.

The network dynamics of the ACC, involved in emotional

processing and cognition-related functions such as integration

of interoceptive information (49,50), rumination (51), and the

cognitive processing of stress (52), may be disrupted in in-

dividuals with asthma and higher depression-related cognitive

symptoms. This disruption could exacerbate symptoms, such

as shortness of breath, through impaired interoception,

heightened rumination, and less effective stress regulation.

Further research is needed to explore the relationship between

RSN dynamics, cognitive function, depression, and asthma.

Null Findings

We observed several null findings in our main effect and

correlational analyses within and between the networks, with
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no significant changes after the inflammatory challenge. A

possible explanation could be the small sample size, limiting

the detection of small effects. Despite this, alterations in

graph-theory metrics of the SN may account for some of these

null findings. SN’s role in coordinating the DMN and FPN, as

postulated by Menon and Uddin (15), suggests that disruptions

in this coordination could impair communication within and

between the networks. Furthermore, post hoc analyses

revealed no significant correlations between baseline cognitive

symptoms of depression and changes in graph-theory metrics

within the DMN or FPN or between networks. These null

findings may, in part, also be explained by the observed al-

terations in SN function.

Strengths and Limitations

The present study shows alterations within and between the

SN, DMN, and FPN in response to an inflammatory challenge,

which are partially linked to variability in depressive symptoms.

The main strength of this study is that 1) we used the CONN

Toolbox, which increases the replicability of our results, due to

its user-friendly pipelines, and that 2) the longitudinal experi-

mental design of this study allows for inference of causality.

There are several limitations to consider. 1) The sample size

of only 24 participants limits our ability to detect small-to-

moderate sized effects. However, given the nature of our

participant group and the complexity of the experimental

design, this sample size is defensible. 2) The sample’s

depressive symptoms ranged from none (BDI score = 2) to

moderate (BDI score = 21), indicating that results may not

generalize to populations with more severe symptoms. How-

ever, individuals with major depression often do not participate

in complex studies [for review, see (53)], making future studies

with severely depressed populations difficult. Additionally,

because we did not expect symptoms of depression to change

in a meaningful way as a consequence of allergen challenge,

no other assessment tools were used to evaluate depression

symptoms/severity after the allergen challenge. Nonetheless, it

is important to confirm that this is the case, and future studies

should consider acquiring measures appropriate for capturing

acute change in depressive symptoms after the challenge. 3)

No control group was included, which is necessary to confirm

the specificity of the observed changes. Nonetheless, the

acquisition of fMRI data occurred before each bronchoscopy

procedure, with a full 48 hours in between the first bronchos-

copy and the second fMRI scan. Therefore, it is unlikely that

the stress of this procedure gave rise to the observations re-

ported here. 4) Repeated fMRI scans could introduce con-

founding factors like habituation or re-exposure effects.

Future Research

Our study shows inflammation-induced alterations in graph-

theory metrics within and between the RSNs SN, DMN, and

FPN, influenced by depressive symptoms. Future research

should replicate these findings with a larger sample size and a

control group to confirm their robustness. Additionally, studies

including individuals with more severe depression symptoms

and exploring sex differences would be valuable, given the

higher risk of depression (54,55) and chronic inflammation in

women [for review, see (56)].

Conclusions

Our study demonstrates that allergen exposure alters key

RSNs, including the SN, DMN, and FPN, with some changes

influenced by depressive symptoms. Inflammatory processes

may disrupt the balance between SN-DMN and SN-FPN,

highlighting SN’s role in network switching. These findings

offer insights into the neural mechanisms underlying depres-

sion and resilience in asthma, warranting further research to

assess their clinical significance.
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