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A double-hit of stress and low-grade inflammation
on functional brain network mediates
posttraumatic stress symptoms
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In Kyoon Lyoo@® 2325

Growing evidence indicates a reciprocal relationship between low-grade systemic inflam-
mation and stress exposure towards increased vulnerability to neuropsychiatric disorders,
including posttraumatic stress disorder (PTSD). However, the neural correlates of this reci-
procity and their influence on the subsequent development of PTSD are largely unknown.
Here we investigated alterations in functional connectivity among brain networks related to
low-grade inflammation and stress exposure using two large independent data sets. Func-
tional couplings among the higher-order cognitive network system including the salience,
default mode, and central executive networks were reduced in association with low-grade
inflammation and stress exposure. This reduced functional coupling may also be related to
subsequent posttraumatic stress symptom severity. The current findings propose functional
couplings among the higher-order cognitive network system as neural correlates of low-grade
inflammation and stress exposure, and suggest that low-grade inflammation, alongside with
stress, may render individuals more vulnerable to PTSD.
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ARTICLE

ow-grade systemic inflammation is the chronic production

of pro-inflammatory factors that may arise from persistent

stressors to the body, including increased oxidative and
psychosocial stress!=3. Growing evidence posits that the periph-
eral immune system can interact with the neurocircuitry involved
in emotion regulation and behavior®?, which may influence the
onset of various neuropsychiatric disorders. Specifically, low-
grade inflammation has shown to associate with increased risk of
posttraumatic stress disorder (PTSD) and major depression®~’.
Furthermore, continued exposure to psychosocial stress may
reciprocally increase immune responses, leading to chronic low-
grade inflammation®3. Given that stress is a key precipitating
factor in PTSD and major depression®10, the interrelationship
between low-grade inflammation and repeated stress exposure
may play an important role in the development of subsequent
clinical manifestations.

Previous neuroimaging studies have identified several brain
regions that are sensitive to inflammation, including the pre-
frontal cortex, insula, anterior cingulate, limbic structures, and
basal ganglia®>!1112. Notably, these regions are also known to
undergo functional alteration in response to stress exposure13’14,
and constitute much of the higher-order cognitive network
system!>16. Recent studies have demonstrated that increased
inflammation can alter functional connectivity of the major brain
regions related to the development of anxiety in the case of major
depression as well as those with comorbid PTSD!7. Studies have
also noted that altered functional connectivity due to increased
inflammation  correlates with the severity of clinical
symptoms!7-18, However, little is known about the potential role
of these brain regions in the reciprocal interactions between low-
grade inflammation and repeated stress exposure. Moreover,
whether such brain alterations may be directly related to the
development of subsequent psychopathology of PTSD remains
inconclusive.

This study aims to identify altered functional coupling of brain
networks that are most relevant to low-grade inflammation and
repeated stress exposure, using two independent large-scale data
sets comprising healthy individuals and those who had been
exposed to repeated trauma. Through the composite scoring of
peripheral biomarkers of inflammation, healthy individuals from
the first data set (data set 1) (Fig. 1a) are categorized according to
low-grade inflammatory and noninflammatory groups, while
individuals from the second data set (data set 2) (Fig. 1b) are
categorized according to two criteria, including a history of
repeated trauma exposure and the composite scoring of periph-
eral biomarkers of inflammation. Dynamic inter-network corre-
lation matrices between the large-scale brain networks derived
from resting-state functional neuroimaging data are used as
relevant measures for the brain’s intra- and inter-regional capa-
city to integrate spatial and temporal information!®. The func-
tional intra- and inter-regional capacity are measured by the
functional connectivity between nodes as derived using two dis-
tinct clustering methods in parallel, which are the a priori-defined
and data-driven clustering approach, respectively. We also
investigate the role of altered functional coupling of the large-
scale brain networks related to both low-grade inflammation and
repeated stress exposure in subsequent posttraumatic stress (PTS)
symptom severity.

Results

Sample characteristics and measurements. Two large indepen-
dent data sets were used to investigate alterations in inter-
network connectivity related to low-grade inflammation (data set
1:700 healthy adults categorized into two groups according to
their inflammatory activity as measured by the composite scoring

of the peripheral biomarkers of inflammation) and combined
influence of stress exposure and low-grade inflammation (data set
2:98 adults categorized according to two criteria, including a
history of repeated trauma exposure and inflammatory activity)
(Fig. 1). Demographic and clinical characteristics of data sets 1
and 2 are shown in Table 1 and Supplementary Table 1.

Serum levels of three pro-inflammatory cytokines were
measured as indices of low-grade inflammation: interleukin-6
(IL-6), interleukin-1p (IL-1B), and tumor necrosis factor-a
(TNF-a).

We measured the inter-network functional connectivity
strength among the higher-order cognitive network system,
including the central executive network (CEN), salience network
(SAN), and anterior default mode network (DMN,), as well as the
primary sensory network system, including the sensorimotor
network (SMN) and visual network (VIN), to examine the
neurobiological correlates of low-grade inflammation and stress
exposure (Fig. 2). An a priori-defined inter-network clustering
approach was implemented, where the averaged connectivity
strengths of the following network node pairs were calculated in
each subject and wused in subsequent analyses: (1)
SAN-CEN-DMN,, (2) SAN-DMN,, (3) SMN-CEN-VIN, (4)
SMN-SAN-VIN, and (5) SMN-DMN-VIN. These networks
were selected based on prior knowledge on the specific large-scale
functional brain networks that are involved in both low-grade
inflammation and stress!®!4. Correlations between a subset of
major representative network nodes that belong to the above-
mentioned functional networks were investigated using intra- and
inter-network functional connectivity?%-21,

In addition, a data-driven approach to measuring inter-
network functional connectivity strength was also conducted in
parallel, using factor analysis based on 78 inter-network
functional edges to extract relevant subsets of inter-network
connection clusters that revealed common patterns (Fig. 2;
Supplementary Table 2). The connection patterns of inter-
network clusters 1 through 5 that were derived from the factor
analysis were similar to those from the a priori-defined inter-
network clustering approach (Fig. 2). Connectivity strengths
among the extracted inter-network connection clusters from the
data-driven approach were also averaged and included in
subsequent analyses.

Data set 1. To elucidate the changes in inter-network con-
nectivity strength related to low-grade inflammation, the stan-
dardized mean connectivity strengths of the inter-network
connection clusters were compared between the low-grade
inflammatory (n = 350) and noninflammatory (n = 350) groups
of data set 1. For the inter-network connection clusters of the
higher-order cognitive network system, the standardized mean
connectivity strengths of the positive coupling among the
SAN-CEN-DMN, (generalized linear model [GLM], z = —2.66,
permutation-adjusted P = 0.008) were significantly reduced in the
low-grade inflammatory group relative to the noninflammatory
group. A similar pattern of reduced mean connectivity strengths
of inter-network cluster 1 derived from the data-driven approach
was observed in relation to low-grade inflammation (GLM, z=
—2.31, permutation-adjusted P=0.02) (Fig. 3a; Supplementary
Table 3). Furthermore, although the difference did not reach
statistical significance, mean connectivity strength of the negative
functional coupling between the SAN and DMN, was reduced
(GLM, z=—1.89, permutation-adjusted P =0.06). Similarly,
mean connectivity strengths of the inter-network cluster 2 that
was mainly involved in the connections between the SAN and
DMN, were significantly reduced in the low-grade inflammatory
group relative to the noninflammatory group (GLM, z= —2.72,
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Fig. 1 A brief description on the data sets. Two large independent data sets were used in this study. a Seven hundred adults in data set 1 were categorized
into one of two groups based on serum levels of IL-6, IL-1B, and TNF-a. This was used to determine whether inter-network connectivity strength may be
altered in relation to low-grade inflammation. b Data set 2 included 52 subjects with repeated exposure to traumatic events and 46 demographically
matched healthy individuals without having been exposed to any traumatic event, and were further categorized according to their levels of low-grade
inflammation. Alterations in inter-network connectivity strength in relation to both conditions of low-grade inflammation and stress exposure were
examined using data set 2 shown in panel b. Furthermore, data from the stress-exposed group (n = 52) of data set 2 were also used to examine whether
alteration in inter-network connectivity strength may contribute to PTS symptom severity. IL-6 interleukin-6, IL-1B interleukin-18, TNF-a tumor necrosis

factor-a, PTS posttraumatic stress.

Table 1 Demographic and clinical characteristics of
data sets.

Characteristics Data set 1 Data set 2
(n=700) (n=98)

Age, mean (SD), y 32.7 (11.6) 33.3(3.9)

Male, n (%) 410 (58.6) 84 (85.7)

Body mass index, mean (SD),  22.8 (2.6) 23.8 (2.3)

kg/m?

Inflammatory activity

IL-6, mean (SD), pg/mL 4.70 (3.07) 4.43 (312)

IL-1B, mean (SD), pg/mL 2.90 (1.60) 2.21 (1.00)

TNF-a, mean (SD), pg/mL 1.1 (2.5) 11.0 (2.4)

Perceived stress level?, NA 56.4 (25.2)

mean (SD),

CAPS?2, mean (SD), total scores NA 7.75 (10.55)

y year, SD standard deviation, IL-6 interleukin-6, IL-13 interleukin-1, TNF-a tumor necrosis
factor-a, CAPS Clinician-Administered Posttraumatic Stress Disorder Scale for DSM-4, NA not
applicable.

2Perceived stress level was assessed using a visual analog scale to rate the stress level of the
stress-exposed participants of data set 2 (n=52) with respect to their worst traumatic
experience throughout their career. Posttraumatic stress symptom severity was also measured
in the stress-exposed participants of data set 2 using the CAPS (n=52). Source data are
provided as a Source Data file.

permutation-adjusted P = 0.008) 3a;
Table 3).

For the connections between the higher-order cognitive
network system and primary sensory network system, there was
a significant difference in the standardized mean connectivity
strength of the SMN-DMN-VIN between the two groups (GLM,
z=12.48, permutation-adjusted P=10.01), while no between-
group differences in the standardized mean connectivity strengths
were found in SMN-CEN-VIN as well as SMN-SAN-VIN

(Fig. Supplementary

connection clusters (Fig. 3b; Supplementary Table 3). A similar
pattern of between-group difference was observed in the data-
driven clustering approach for inter-network clusters 3, 4, and 5
(Fig. 3b; Supplementary Table 3).

To ensure the robustness of the results, we have repeated the
analyses from above while including potential confounding
factors as additional covariates. Similar results were obtained
when the amount of head motion as measured by framewise
displacement (FD) and body mass index (BMI) was included as
an additional covariate into the statistical model, respectively.
Details on the statistical values for these analyses are described in
Supplementary Note 1.

Data set 2. Findings from the comparisons of inter-network
functional connectivity between the low-grade inflammatory
(n=49) and noninflammatory (n=49) groups of data set 2
were similar to those observed in data set 1. Specifically, the
standardized mean connectivity strengths among the higher-
order cognitive network system were reduced in the low-
grade inflammatory group as compared with the nonin-
flammatory group (a priori-defined inter-network clustering:
SAN-CEN-DMN,, GLM, z = —2.53, permutation-adjusted P =
0.01; SAN-DMN,, GLM, z = —1.35, permutation-adjusted P =
0.18) (data-driven inter-network clustering: inter-network cluster 1,
GLM, z = —2.48, permutation-adjusted P =0.01; inter-network
cluster 2, GLM, z=—2.61, permutation-adjusted P = 0.009)
(Fig. 4a; Supplementary Table 4). Altered inter-network func-
tional connectivity in relation to stress exposure was also exam-
ined by comparing the standardized mean connectivity strengths
of inter-network connection clusters between the stress-exposed
(n=>52) and -unexposed (n=46) groups. The stress-exposed
group had reduced connectivity strengths in the SAN-DMN,
(GLM, z= —241, permutation-adjusted P=0.02) as well as
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Fig. 2 A visual display of inter-network connection clusters selected in this study. a Mean connectivity strengths of the positive functional coupling of
the SAN-CEN-DMN, and negative functional coupling of SAN-DMN, were selected as the two outcome variables for functional connectivity among the
higher-order cognitive network system. Mean connectivity strengths of the SMN-CEN-VIN, SMN-SAN-VIN, and SMN-DMN-VIN were also calculated as
the three outcome variables for functional connectivity between the higher-order cognitive network system and primary sensory network system. b Five
neurobiologically meaningful inter-network connection clusters were selected from a total of 78 inter-network functional connectivity pairs using factor
analysis (see also Supplementary Table 2). The two inter-network connection clusters in the left represent functional connectivity among the higher-order
cognitive networks, including the CEN, SAN, and DMN,. The three inter-network connection clusters on the right indicate functional connectivity between
each of the networks belonging to the higher-order cognitive network system and the primary sensory network system, including the DMN and VIN. Red
and blue lines indicate the positive and negative coupling of networks, respectively. SAN salience network, DMN default mode network, DMN, default
mode network, anterior, CEN central executive network, SMN sensorimotor network, VIN visual network.

SMN-SAN-VIN (GLM, z= —2.84, permutation-adjusted P =
0.006), as compared with the stress-unexposed group (Fig. 4). A
similar pattern of between-group differences was observed in the
respective inter-network clusters from the data-driven inter-net-
work clustering approach (inter-network cluster 2, GLM, z=
3.38, permutation-adjusted P = 0.0005; inter-network cluster 4,
GLM, z= —2.20, permutation-adjusted P =0.03) (Fig. 4). Fur-
thermore, we explored whether such alterations in inter-network
connectivity strength related to stress exposure occur regardless
of low-grade inflammation. In these exploratory analyses, dif-
ferences in connectivity strength for the functional coupling of
the SAN-DMN, (GLM, z= —2.46, permutation-adjusted P =
0.01) as well as SMN-SAN-VIN (GLM, z = —2.83, permutation-
adjusted P =0.007) between the stress-exposed and -unexposed
groups remained statistically significant even after adjusting for
inflammatory activity (data-driven inter-network clustering:
inter-network cluster 2, GLM, z = —3.57, permutation-adjusted
P=0.0004; inter-network cluster 4, GLM, z=-219,
permutation-adjusted P = 0.03). There were no other between-
group differences in connectivity strength according to stress
exposure for the remaining inter-network connection clusters as
acquired by a priori-defined as well as data-driven approaches
(Fig. 4; Supplementary Table 4). The results remained unchanged
with FD and BMI included as additional covariates, respectively
(Supplementary Note 1).

Post hoc analyses demonstrated significant reductions in inter-
network connectivity strength among the higher-order cognitive
network system in the low-grade inflammatory/stress-exposed
group as compared with the noninflammatory/stress-unexposed
group (a priori-defined inter-network clustering:
SAN-CEN-DMN,, GLM, z = —2.17, permutation-adjusted P =
0.02; SAN-DMN,, GLM, z= —2.39, permutation-adjusted P =
0.01) (data-driven inter-network clustering: inter-network cluster 1,
GLM, z=—2.19, permutation-adjusted P = 0.03; inter-network

cluster 2, GLM, z= —4.01, permutation-adjusted P = 0.0001)
(radar charts of Fig. 4a).

A schematic representation of altered inter-network connec-
tion clusters related to low-grade inflammation, stress exposure,
and both conditions, respectively, is shown in Fig. 5.

In the stress-exposed group of data set 2 (n = 52), associations
between PTS symptom severity as measured using the Clinician-
Administered Posttraumatic Stress Disorder Scale for DSM-4
(CAPS)?2 and altered inter-network connectivity strength in
relation to low-grade inflammation and stress exposure were
examined. Reduced connectivity strength in the functional
coupling of the SAN-CEN-DMN, (partial correlation analysis,
r=—0.33, P=0.02) as well as SAN-DMN, (partial correlation
analysis, r=—0.32, P=0.02) was significantly associated with
higher PTS symptom severity, respectively (Fig. 6). A similar
pattern was observed in the data-driven approach in terms of the
relationships between PTS symptom severity and connectivity
strength of inter-network clusters 1 (partial correlation analysis,
r=—0.34, P=0.02) and 2 (partial correlation analysis, r=
—0.37, P=0.009), respectively. Associations between PTS
symptom severity and connectivity strength of the other inter-
network connection clusters identified in this study are described
in Supplementary Table 5. As exploratory analyses, the relation-
ships between inter-network connectivity strength and each of the
CAPS subscale scores for re-experiencing symptoms, avoidance
symptoms, and hyperarousal symptoms were also examined and
described in Supplementary Table 6.

Discussion

This study aimed to elucidate the shared large-scale brain net-
work correlates in low-grade inflammation and stress exposure.
Our most prominent finding is that inter-network functional
connectivity among the SAN, DMN,, and CEN is particularly
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vulnerable to both inflammation and stress. Furthermore, altered
functional connectivity of these networks was associated with
subsequent PTS symptom severity in individuals with repeated
stress exposure. The current findings strongly suggest that the
combined influences of low-grade inflammation and stress
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exposure may increase the risk of PTSD through disruption in the
functional coupling of the higher-order cognitive network sys-
tems such as the SAN, DMN,, and CEN1516,

To date, a strong correspondence between low-grade inflam-
mation and increased risk of various psychiatric disorders has
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Fig. 3 Results from data set 1: altered inter-network connectivity strength in relation to low-grade inflammation. a Box-and-whisker plots show the
distribution of standardized mean connectivity strength within the higher-order cognitive network system, including the SAN, CEN, and DMN, between the
low-grade inflammatory (n=350) and noninflammatory groups (n =350). b Box-and-whisker plots show the distribution of standardized mean
connectivity strength between the higher-order cognitive network system and the primary sensory network system between the low-grade inflammatory
(n=350) and noninflammatory groups (n = 350). Box-and-whisker plots represent the mean values (red dotted lines inside boxes), median values (black
lines inside the boxes), the inter-quartile range (bottom and top ends of the boxes), and the 10th and 90th percentiles of the data (whiskers). Red and blue
lines in the schematic diagram for inter-network connection clusters indicate the positive and negative coupling of networks, respectively. Group
differences were calculated using the generalized linear models after adjusting for age and sex. P values (for two-sided testing) in the graphs are
permutation-adjusted P values (10,000 permutations). Source data are provided as a Source Data file. SAN salience network, DMN default mode network,
DMN, default mode network, anterior, CEN central executive network, SMN sensorimotor network, VIN visual network.

been supported by epidemiological and animal studies®®!1. The
strength of the current study is the investigation of its neural
network mechanisms, such that the potential underlying pathway
between low-grade inflammation and its associations with clinical
outcome may be elucidated in the case of high-risk individuals
with repeated stress exposure.

Consistent with previous studies on the pathological inflam-
matory conditions such as rheumatoid arthritis as well as experi-
mental conditions of receiving immunogenic substances?3-2>,
we found that functional connectivity among networks that
subserve the regulation of emotion and cognition!>1° is sig-
nificantly influenced by low-grade inflammation. In addition to
this supportive finding, we also demonstrated that functional
coupling of the large-scale brain networks that are closely asso-
ciated with stress overlaps with those related to low-grade
inflammation. The higher-order cognitive network systems
identified in the current study, including the SAN, CEN, and
DMN,, have been previously suggested to take part in the
pathology of PTSD20-28, As such, the current findings suggest
that the influence of low-grade inflammation on the functional
connectivity of these brain networks may be potentiated by
ongoing stress exposure. In other words, the presence of low-
grade inflammation in individuals with repeated stress exposure
may indicate a greater risk of PTSD.

The triple-network model involves the modulatory role of the
SAN in the switching between the DMN and CEN according to
the presence or absence of a task, which highlights the dynamic
interactions of these three networks?32°. Although previous
findings were inconsistent in the directionality among these three
networks, the SAN has shown to be consistently altered in rela-
tion to peripheral inflammation!2243%31 Current findings on
aberrant functional coupling of these three networks suggest the
significant roles of the triple networks in the combined influence
of inflammation and stress on subsequent PTS symptom severity.
In addition, the dysfunctional interactions between the SAN and
DMN may contribute to the hypervigilant or hyperarousal
symptoms often found in PTSD, potentially by inappropriate
responsiveness to external stimuli?®27-3233, Qur exploratory
findings regarding the significant association between hyperar-
ousal symptom severity and altered functional connectivity
among the SAN, DMN,, and CEN may support this speculation
(Supplementary Table 6).

Aberrant functional organization of any part of the three
networks within the triple-network model may also affect other
remaining networks, resulting in the clinical manifestation of
certain psychiatric disorders?®. Considering this, alterations in
inter-network functional connectivity induced by low-grade
inflammation as found in this study may play additional or
even synergic roles in the regulation of emotion in the case of
repeated stress exposure.

Our study also found that stress exposure may influence
functional coupling of the SAN to the DMN, as well as to the
SMN and VIN. This is consistent with the previous finding which

reported that psychosocial stress may alter functional con-
nectivity of the insula and anterior cingulate, both of which were
associated with increased levels of IL-6 and TNF-a°. Considering
that IL-6 has shown to associate with the functional connectivity
within the DMN34, the current findings may further support that
the connectivity among the triple-network model may act as
neural correlates of PTS symptoms in combination with low-
grade inflammation. In addition, growing evidence suggests that
the insular cortex, a key node of the SAN, and its functional link
to other brain regions play a crucial role in the central repre-
sentation of inflammation3>-37 as well as anxiety or
depression3638. Specifically, our findings of reduced functional
connectivity regarding the SAN that are also associated with
greater PTS symptom severity may be consistent with previous
studies that have noted decreased SAN connectivity following
induced transient systemic inflammation3®, as well as the inter-
action effect between functional connectivity of the brain with
clinical symptom severity!8.

In this study, we repeated our analyses with inter-network
connection matrices using various dimensionalities, which may
allow to resolve for the tendency of overfitting the data as well as
provide a much finer analysis that may mimic the alternative
approach of region-based high-resolution parcellation. It is
noteworthy that the main findings of the current study were
consistent and supported across various dimensionalities (Sup-
plementary Note 2). Therefore, this study may provide supportive
evidence for the reliability of the findings as well as the replication
of previous studies, which noted the consistent decomposition
using independent component analysis (ICA) across a range of
dimensionality40:41,

In order to provide both intuitive and integrative approaches to
the clustering of brain network couplings, this study grouped the
functional connections among 13 network nodes into five inter-
network clusters by implementing both a priori-defined and data-
driven inter-network clustering methodologies, respectively.
Although minor differences were found in the composition of
individual functional connections, the results regarding altera-
tions in inter-network connectivity strength according to low-
grade inflammation and stress exposure were substantially similar
between clusters that were derived from the two distinct clus-
tering approaches.

The following limitations should be considered. In this study,
the stress-exposed group consisted of firefighters, and therefore
may not be representative of all types of stress-exposed popula-
tions. Although the stress-exposed group in the current study
experienced one or more traumatic events and is considered to be
at high risk for PTSD#243, future studies should be more inclusive
in their definition of psychosocial stress. Also, this study did not
include individuals with transient surges in inflammation, such as
infection, or those with chronic inflammatory conditions,
including rheumatoid arthritis in investigating the effects of
inflammation. In addition, inflammatory activity was analyzed in
a general population using a median split. While the current
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Fig. 4 Results from data set 2: altered inter-network connectivity strength in relation to low-grade inflammation and stress exposure. a Box-and-

whisker plots show the distribution of standardized mean connectivity strength within the higher-order cognitive network system, including the SAN, CEN,
and DMN, between the low-grade inflammatory (n = 49) and the noninflammatory groups (n = 49) (left box), as well as the stress-exposed (n =52) and
-unexposed groups (n=46) (right box). b Box-and-whisker plots show the distribution of standardized mean connectivity strength for the higher-order
cognitive network system and the primary sensory network system between the low-grade inflammatory (n = 49) and the noninflammatory groups (n = 49)
(left box), as well as the stress-exposed (n=52) and -unexposed groups (n = 46) (right box). Box-and-whisker plots represent the mean values (red

dotted lines inside boxes), median values (black lines inside the boxes), the inter-quartile range (bottom and top ends of the boxes), and the 10th and 90th
percentiles of the data (whiskers). Red and blue lines in the schematic diagram for inter-network connection clusters indicate the positive and negative
coupling of networks, respectively. Group differences were calculated using the generalized linear models after adjusting for age and sex. P values (for two-
sided testing) in the bar graph are permutation-adjusted P values (10,000 permutations). Radar graphs in panels a and b demonstrate comparisons of
inter-network connectivity strength between the noninflammatory/stress-unexposed group (n = 24) and each of the remaining three groups, including the
low-grade inflammatory/stress-unexposed (n = 22), noninflammatory/stress-exposed (n = 25), and low-grade inflammatory/stress-exposed group (n =
27), respectively. Asterisks indicate a statistically significant between-group difference in mean connectivity strengths obtained by both the a priori-defined
and data-driven inter-network clustering approaches. Source data are provided as a Source Data file. SAN salience network, DMN default mode network,
DMNa default mode network, anterior, CEN central executive network, SMN sensorimotor network, VIN visual network.

sample may reflect the real-life influence of the interaction
between low-grade inflammation and stress, future studies that
include the vast spectrum of inflammation are warranted. Fur-
thermore, the current study found that inter-network con-
nectivity of the SAN may alter in relation to stress exposure, as
demonstrated in data set 2. Although these findings remained
significant after the adjustment of inflammatory activity, future
studies with a larger sample would be necessary to identify the
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specific inter-network connectivity that may be prone to stress
exposure, regardless of the subjects’ inflammatory activity.

This study also used a multiplex-based immunoassay to mea-
sure pro-inflammatory cytokines as indicators of low-grade
inflammation. Multiplex-based immunoassay may have an
advantage to perform large-scale epidemiological studies, as it
enables simultaneous quantification of several different cytokines
at relatively small sample volumes*4*>. However, the results
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obtained using multiplex-based immunoassay are to be cautiously
interpreted in the context of multiplex technologies*>46. Relia-
bility and reproducibility are particularly important factors to
consider when using multiplex-based methodologies*>*”. In this
study, intra- and inter-assay coefficients of variation (CVs) for the
pro-inflammatory cytokine measurements exhibited patterns of
consistency, which may support that the current methodologies
yield acceptable performance. In addition, the status of low-grade
inflammation was defined based on composite scoring of the
standardized and averaged values of three pro-inflammatory
cytokines IL-6, IL-1pB, and TNEF-q, instead of using the raw values
of each individual cytokine. This approach may allow mini-
mization of potential data noise due to measurement error or
missing data®$. Despite these efforts to increase performance and
validity of pro-inflammatory cytokine measurements, future
studies using a more conventional method such as the enzyme-
linked immunosorbent assay should be performed to replicate the
current findings.

Furthermore, participants of data set 1 had not experienced
any type of serious traumatic event, and therefore perceived stress
level toward an index trauma was not assessed. However, con-
sidering the growing evidence that indicates a significant asso-
ciation between stress and inflammation®-8, future studies that
assess the potential effects of perceived stress levels from daily-life
events are warranted to provide further details regarding the
interactive influence between low-grade inflammation and stress
exposure.

Previous studies reported the potential link between exposure
to persistent or repetitive psychosocial stress and low-grade
inflammation and vice versa®!!, While our study did not find
differences in inflammatory activity between the stress-exposed
and -unexposed groups (Supplementary Table 1), possible
bidirectional influences of low-grade inflammation and stress
exposure should be considered in interpreting the results from
our cross-sectional study. Furthermore, the current cross-
sectional study design may not distinguish whether low-grade
inflammation of the study participants was episodic or sustained,
and the directionality between inflammation, network alterations,
and clinical manifestations could not be determined.

In summary, our study provides evidence for the potential
brain mechanisms underlying low-grade inflammation and stress
in subsequent manifestations of PTSD. Our findings indicate that
increased inflammatory activity may render individuals who are
exposed to trauma at an even higher risk of PTSD. The current
results provide a proof of concept for the potential use of anti-
inflammatory treatment methods in the prevention or treatment
for PTSD for individuals who are repeatedly exposed to stress.

Methods

Data sets. All analyses were performed in two large independent data sets of South
Korea. Data set 1 (n=700) was used to investigate alterations in inter-network

functional connectivity in relation to low-grade inflammation. Study participants in
data set 1 were healthy adult volunteers (mean [standard deviation, SD], 32.7 [11.6]
years; 410 men and 290 women) recruited through community advertisement. The
exclusion criteria were (1) significant medical, neurological, or psychiatric disorders
as assessed using the medical, neurological, and psychiatric history taking,
including the assessment through the Structured Clinical Interview for DSM-4
(SCID)# and routine laboratory tests, (2) significant structural abnormalities as
found in the brain magnetic resonance imaging (MRI) scans confirmed by an
experienced neuroradiologist, (3) having experienced any type of serious traumatic
event, (4) a history of severe traumatic brain injury, or (5) any contraindications
to MRL

Data set 2 (n =98) included 52 firefighters who have been repeatedly exposed
to direct and/or indirect forms of life-threatening traumatic events (the stress-
exposed group, mean [SD], 33.6 [4.0] years; 45 men and 7 women) and 46 healthy
individuals who were not exposed to any significant traumatic event (the stress-
unexposed group, mean [SD], 33.0 [3.8] years; 39 men and 7 women) to investigate
alterations in inter-network functional connectivity related to stress exposure. All
firefighters in the stress-exposed group were employed at fire stations within the
Seoul metropolitan area of South Korea, while the demographically matched
healthy individuals in the stress-unexposed group were recruited through
community advertisement in the Seoul metropolitan area. Participants of data set 2
were assessed using comprehensive history taking for the screening of any
significant medical, neurological, or psychiatric disorders as well as the SCID.
Individuals exposed to trauma in data set 2 had met the guidelines of Criterion A of
the CAPS, which is defined as having experienced one or more index traumatic
event. Individuals exposed to trauma were also assessed using the CAPS as to
determine the diagnosis of PTSD and the severity of PTS symptoms, along with
perceived stress level. Among the individuals who were assessed for trauma
exposure, those who met the diagnostic criteria for PTSD were excluded from the
study, and only those with subclinical levels of PTS symptoms were included as
part of the stress-exposed group for further analysis. Other than the exclusion
criterion regarding trauma exposure, the inclusion and exclusion criteria applied to
individuals in data set 2 were identical to those of data set 1.

All participants from data sets 1 and 2 underwent MRI scans at Ewha Brain
Institute of Ewha W. University, Seoul, South Korea, and were assessed for serum
levels of pro-inflammatory cytokines. Demographic and clinical characteristics of
both data sets are described in Table 1 and Supplementary Table 1. A description
on data sets and measurements is also depicted in Fig. 1.

The Institutional Review Board of Ewha W. University approved the study
protocol, and all participants provided written informed consent. All of the study
processes were in alignment with the Declaration of Helsinki as well as national
and institutional regulations and guidelines.

Measurement of inflammatory activity. Serum levels of three pro-inflammatory
cytokines were measured as indices of low-grade inflammation: IL-6, IL-1B, and
TNF-a. A composite value for inflammatory activity was calculated by averaging
the standardized z scores of the three cytokine measures®®>!. For the current
composite scoring methods, each of the three cytokine measures for low-grade
inflammation was computed according to sex to consider the sex-specific differ-
ences in cytokine values®>%3, For instance, standardized z scores for all cytokine
measures were calculated in each sex group using the mean and standard deviation
for the relevant sex group. Study participants from data set 1 were categorized into
either of two groups based on the median inflammatory composite value: the low-
grade inflammatory (n = 350) vs. noninflammatory (n = 350) groups. A similar
process of categorization was applied to data set 2 that yielded the low-grade
inflammatory (n = 49) vs. noninflammatory (n = 49) groups.

Serum levels of IL-6, IL-1B, and TNF-a were measured for both data sets 1 and
2 according to the following procedure. Peripheral blood samples were drawn from
the participants and collected in a serum-separating tube in the morning between
9 AM and 11 AM. The sample was reserved for 30 min in room temperature, then
centrifuged at 3000 rpm to separate the serum. Aliquots of the serum were stored
immediately after the centrifugation at a temperature of —70 °C until the time of
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Fig. 6 Associations between altered inter-network connectivity strength and posttraumatic stress (PTS) symptom severity. Greater functional coupling
among the SAN-CEN-DMN, (r=—0.33, P=0.02) or inter-network connection cluster 1 (r = —0.34, P = 0.02) was associated with lower PTS symptom
severity. Reduced negative coupling between the SAN and DMN, (r= —0.32, P=0.02) or inter-network connection cluster 2 (r = —0.37, P=0.009) was

associated with higher PTS symptom severity. Partial correlation analyses were

used to assess the relationships between altered inter-network connectivity

strength and PTS symptom severity in the stress-exposed group (n=52) of data set 2, including age and sex as covariates. Red and blue lines in the
schematic diagram for inter-network clusters indicate the positive and negative coupling of networks, respectively. Source data are provided as a Source
Data file. CAPS Clinician-Administered Posttraumatic Stress Disorder Scale for DSM-4, DMN default mode network, DMN, default mode network,
anterior, SAN salience network, CEN central executive network, SMN sensorimotor network, VIN visual network.

analyses. Each of the serum levels of IL-6, IL-1f, and TNF-a was assessed per
sample in duplicate and quantified using a multiplexed, fluorescent bead-based
immunoassay (MILLIPLEX® MAP Human High Sensitivity T Cell Magnetic Bead
Panel, Merck Millipore, MA, USA) on a Luminex xMAP® platform (Luminex
Corporation, TX, USA)>4. Assays were performed according to the manufacturer’s
instructions. Specifically, 25 puL of serum was incubated with antibody-coupled
beads. Following a series of washes, 50 uL of a biotinylated detection antibody and
50 uL of streptavidin-phycoerythrin were added to the beads in order to detect the
reaction mixture. The bead sets were analyzed using a flow-based Luminex™

200 system (Luminex Corporation, TX, USA). The mean fluorescence intensity of
the raw data was captured using the Luminex xPONENT software (Luminex
Corporation, TX, USA). The concentrations of the cytokines in each sample were
calculated using the MILLIPLEX-Analyst (Viagene Tech, MA, USA) with a five-
parameter logistic regression to compute sample concentrations from the standard
curves. For all samples, the mean values of the duplicate were reported, and the
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intra-assay CVs were calculated as 12.6%, 11.8%, and 8.4% for IL-6, IL-1f, and
TNF-aq, respectively. Inter-assay CVs, using a subset of samples repeatedly assessed,
were also within the acceptable range (19.0%, 15.1%, and 12.4% for IL-6, IL-1p, and
TNF-a, respectively). The detection limits for the assays of IL-6, IL-1B, and TNF-a
were 0.18-750 pg/ml, 0.49-2000 pg/ml, and 0.45-1750 pg/ml, respectively, as
according to the manufacturer’s instructions. There were no undetectable values in
the samples of TNF-a. In contrast, seven and six samples of IL-6 and IL-1p were
below the lower limit of detection, respectively. Measurements below the lower
limit of detection for IL-6 and IL-1p were recorded as one-half of the lower limit of
detection. The range of serum concentrations for IL-6°°-%7, IL-1p%>°9, and TNF-
a°5-57 obtained in this study using a multiplexed, fluorescent bead-based
immunoassay were comparable with those reported in previous literature on
healthy individuals using similar methodologies.

All the measurements of inflammatory activity were performed by personnel
who were blind to the participants’ information at the Green Cross Laboratories
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(Yongin, South Korea), certified by the College of American Pathologists’
Laboratory Accreditation Program and the German External Quality Assessment
Scheme.

MRI data acquisition. High-resolution structural images were acquired using a
three-dimensional T1-weighted magnetization-prepared rapid gradient echo ima-
ging sequence with the following parameters: echo time, 3.4 ms; repetition time,
7.4 ms; flip angle, 8°; field of view, 220 x 220 mm?; slice thickness, 1 mm; 180
contiguous sagittal slices. Resting-state functional MRI (fMRI) scans were per-
formed using an echo planar imaging sequence with the following acquisition
parameters: echo time, 21 ms; repetition time, 2000 ms; flip angle, 76° field of view,
220 x 220 mm?; slice thickness, 3.5 mm, 200 volumes, 38 slices. To reduce motion
artifact, the dynamic stabilization option was additionally employed®$. During
resting-state fMRI data acquisition, participants were asked to stay awake while
keeping their eyes closed and let their minds wander freely. Fluid-attenuated
inversion recovery axial images were also acquired to screen for any gross neu-
roradiological abnormalities, using the following parameters: echo time, 276 ms;
repetition time, 4800 ms; inversion time = 1650 ms; field of view, 240 x 240 mm?
slice thickness, 0.56 mm.

Preprocessing of resting-state fMRI data. Head movement was inspected
through the calculation of the mean FD for each resting-state fMRI image>.
Subjects with qualified fMRI images where the mean FD was <0.3 mm were
included in the study. The distribution of FD for participants in data sets 1 and 2 is
presented in Supplementary Fig. 1. In both data sets 1 and 2, the amount of head
motion fell within the 0.3-mm threshold, where the mean FD values of 90% of the
individual images were 0.13 mm and 0.16 mm for data sets 1 and 2, respectively.

Resting-state fMRI data were preprocessed using the FMRIB Software Library
tools (FSL, http://www.fmrib.ox.ac.uk/fsl). The standard preprocessing steps were
as follows: rigid body coregistration for head motion correction®; brain extraction
using the FSL Brain Extraction Tool; spatial smoothing (Gaussian kernel of full
width at half maximum, 5.0 mm); high-pass temporal filtering, 0.01 Hz. Resting-
state fMRI data image of each individual was first co-registered to the
corresponding high-resolution T1-weighted image. These co-registered images
were linearly registered to the standard Montreal Neurological Institute (MNI) 152
template with 12 degrees of freedom, subsequently resampled to 4-mm isotropic
voxel space. In addition, a data-driven denoising strategy was employed to remove
head motion and structural artifacts at an individual image level using single-
subject ICA implemented by Multivariate Exploratory Linear Optimized
Decomposition into Independent Components (MELODIC) followed by FMRIB’s
ICA-based Xnoiseifier (FIX)61:62,

Group ICA. In order to generate a set of group-averaged network nodes, a model-
free and data-driven approach of group ICA with a dual-regression algorithm was
applied to decompose the preprocessed four-dimensional fMRI images of all 798
individuals from data sets 1 and 2 into a set of three-dimensional spatial maps and
one-dimensional time series*3. The three-dimensional spatial maps were ana-
lyzed using a temporal concatenation approach with a predetermined dimen-
sionality of 25. Resting-state networks (RSNs) were identified by visual inspection
of the group-independent components, where components were labeled as either
RSN or artifacts based on a guideline from previous literature*!. A total of 13
RSNs were selected and thresholded at z=3 (P =0.001) and used as network
nodes for constructing the inter-network connection matrix: (1) right frontopar-
ietal network; (2) left frontoparietal network; (3) SAN 1; (4) SAN 2; (5) DMN,; (6)
DMN, posterior (DMN,,)1; (7) DMN;, 2; (8) somatosensory network 1; (9) SMN;
(10) somatosensory network 2; (11) VIN 1; (12) VIN 2; (13) VIN 3 (Supplementary
Fig. 2). These network nodes were further grouped into five categories that are the
CEN (red circles in Supplementary Fig. 2a), SAN (yellow circles in Supplementary
Fig. 2a), DMN (green circles in Supplementary Fig. 2a), SMN (blue circles in
Supplementary Fig. 2a), and VIN (purple circles in Supplementary Fig. 2a).

Group ICAs were also performed on all 798 individuals with higher
dimensionalities to demonstrate the consistency of inter-network functional
connectivity patterns across a range of dimensionality?%?1:40, with various
dimensionalities of 25, 77 (automatic estimated), and 200 (Supplementary Note 2).
The automatic estimation of optimal dimensionality by Bayesian dimensionality
estimation technique®* was implemented and 77 components were finally
determined. In addition, a predetermined dimensionality of 200 was also applied to
this exploratory analysis. After the group ICAs with 77 and 200 dimensionalities,
respectively, brain network components that did not fall under the interests of the
current study aims, such as the cerebellum, subcortex, and temporal networks as
well as noise components were removed. Finally, 29 and 78 network components
were identified as candidate network nodes from the group ICA with 77 and 200
dimensionalities, respectively, for the construction of inter-network connection
matrices (Supplementary Figures 3 and 4). Similar to the 13 x 13 matrix with a
dimensionality of 25, candidate network nodes in each matrix with those of higher
dimensionalities were further classified into one of major representative networks,
including the higher-order cognitive network system of the CEN, SAN, and DMN,,
as well as the primary sensory network systems, including the SMN and VIN.

Construction of the inter-network matrix for each subject. We measured the
strength of inter-network functional edges to examine the neurobiological corre-
lates of low-grade inflammation and stress exposure. The temporal correlation
coefficient between each pair of the candidate network nodes was computed based
on individual time series using FSLNets (http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FSLNets). These correlation coefficients were Fisher z-transformed and extracted
for each subject, which were defined as the inter-network connectivity values. A
13 x 13 correlation matrix was then generated for each subject as to represent
correlations between all pairs of network nodes2(. A lower absolute inter-network
connectivity value within the matrix reflects reduced inter-network connectivity,
and the sign indicates positive or negative functional coupling of networks. For a
clear interpretation of the results, these connectivity values were transformed into
inter-a.

Selection of inter-network clusters for outcome variables. Among 78 inter-
network functional edges, the following inter-network edges were selected a priori,
where the connectivity strength of each selected edge was averaged as the outcome
variable for functional connectivity among the higher-order cognitive network
system (positive coupling of SAN-CEN-DMN_; negative coupling of SAN-DMN,)
and functional connectivity between higher-order cognitive network system and
primary sensory network system (SMN-CEN-VIN; SMN-SAN-VIN;
SMN-DMN-VIN).

In order to minimize arbitrariness in the grouping of brain regions, we also
implemented an intuitive approach to clustering functional edges by conducting a
factor analysis. Specifically, a principal component analysis with varimax rotation
was conducted based on all possible 78 inter-network edges of a 13 x 13 inter-
network connection matrix to reduce the number of inter-network edges into more
meaningful and distinct clusters with an eigenvalue of 1.5 and at least 2% of
variance. With this data-driven inter-network clustering approach, 11 components
that are interdependent as well as neurobiologically relevant were finally identified
(Supplementary Table 2). The identified 11 components explain 65.5% of the total
proportion of variance (Supplementary Fig. 5). Among these, components 10 and
11 that included functional connections between network nodes belonging to the
CEN and those belonging to the DMN, or SAN were defined as inter-network
connection cluster 1. Inter-network connection cluster 1 also included functional
connections among network nodes of the CEN as well as those among network
nodes of the SAN. Component 2 that included functional connections between the
DMN, and SAN, as well as DMN, and SMN, was defined as inter-network
connection cluster 2. Although the functional connectivity pattern of inter-network
cluster 2 was similar to that of the a priori-defined SAN-DMN,, inter-network
cluster 2 additionally included the negative coupling of the DMN, and SMN.
Component 5 included functional connections of the right frontoparietal network
node with three network nodes belonging to the SMN, 3 network nodes belonging
to the VIN, and 2 network nodes belonging to the DMN,,, while component 6
consisted of functional connections between the left frontoparietal network node
and network nodes from the SMN, VIN, and DMN,,. Components 5 and 6 that
represented the functional connections of the CEN with SMN, VIN, and DMN,,
were defined as inter-network connection cluster 3. Component 4 consisted of
functional connections between the SAN2 network node and network nodes from
the SMN, VIN, and DMN,,. Functional connections between the SAN1 network
node and network nodes from the SMN, VIN, and DMN,, were classified as
component 8. We defined components 4 and 8 that represented functional
connections of the SAN with the SMN, VIN, and DMN,, as inter-network
connection cluster 4. Component 1 included functional connections of network
nodes belonging to the DMN,, and those of the SMN and VIN, while component 9
consisted of functional connections of DMN, with network nodes belonging to the
DMN;, and those belonging to the VIN. We defined components 1 and 9 as inter-
network connection cluster 5.

The pattern and individual functional connections belonging to the inter-
network connection clusters that were defined using a priori-defined and data-
driven inter-network clustering approaches are presented in Fig. 2a, b, respectively.

An averaged inter-network connectivity strength of all pairs of connections for
each inter-network connection cluster was standardized using the mean value of
the reference group and pooled SD. Finally, the standardized mean connectivity
strength of each inter-network connection cluster was used for subsequent analysis.

In addition, using the group ICA with a higher dimensionality of 77 and 200,
the final 29 x 29 and 78 x 78 correlation matrices, respectively, were generated
where the measures for inter-network connectivity values (Supplementary Fig. 6)
and inter-network connectivity strength were calculated at an inter-network edge
level. The averaged connectivity strength was also calculated by averaging the
connectivity strength of all pairs of edges among the major representative networks
(CEN, SAN, DMN, SMN, and VIN) for further exploratory analyses. Details of the
exploratory analyses on inter-network connection matrices with a higher resolution
of parcellation are presented in Supplementary Note 2, Supplementary Table 7, and
Supplementary Figs. 7 and 8.

Perceived stress levels and PTS symptom severity assessment. For individuals
of the stress-exposed group in data set 2, perceived stress level was assessed using
the visual analog scale (VAS) ranging from 0 (not at all stressed) to 100 (extremely
stressed) with respect to their most traumatic experience throughout their career as
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a firefighter. Subclinical PTS symptom severity was evaluated using the CAPS22:65,
A higher score on the VAS indicates that the individual perceived the relevant
traumatic event to be more stressful, while a higher score on the CAPS represents a

greater severity in PTS symptoms.

Statistical analysis. For data set 1, GLMs were performed to examine differences
in standardized mean connectivity strength of each inter-network connection
cluster between the low-grade inflammatory and noninflammatory groups after
adjusting for age and sex. For data set 2, differences in standardized mean con-
nectivity strength of each inter-network cluster were examined between the low-
grade inflammatory and noninflammatory groups, as well as between the stress-
exposed and -unexposed groups, respectively, using GLMs. Age and sex were
included as relevant covariates into the models. The reproducibility of the results
was assessed by repeated analyses, including additional covariates such as FD and
BMI in the statistical models (Supplementary Notes 1 and 2).

As post hoc analyses for data set 2, standardized mean connectivity strength of
each inter-network connection cluster was compared between the
noninflammatory group without stress exposure and each of the three groups,
including the low-grade inflammation/stress-unexposed, no inflammation/stress-
exposed, and low-grade inflammation/stress-exposed groups, respectively, after
adjusting for age and sex. Permutation-adjusted P values for each model were
calculated®®. A total of 10,000 permutations were performed to obtain an empirical
null distribution of the effects under the null hypothesis.

In addition, partial correlation analysis was conducted on the stress-exposed
group of data set 2 to determine the relationship between the strength of functional
connectivity for each network cluster and PTS symptom severity. Age and sex were
included as covariates.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

All relevant data underlying the major findings are available within the paper and
Supplementary Information file. Source data underlying Table 1, Figs. 3, 4, and 6,
Supplementary Tables 1, 3 through 7, and Supplementary Figs. 7 and 8 are provided as a
Source Data file. The individual-level data that support the findings of this study are
available upon reasonable request from the corresponding author. Due to ethical and
legal restrictions, individual-level data of this study cannot be made publicly available.
Request to access raw data of individual-level data will be considered in relation to the
relevant consents, rules, and regulations, and can be made via the Ewha Brain Institute
Review Committee at e600134@ewha.ac.kr after print publication of this paper.
Assurance of proper credentials for handling sensitive data will be required from the
applicant(s) prior to data sharing. Approval by the Ewha Brain Institute Review
Committee will be followed by transfer of data upon signed agreement between Ewha
Brain Institute and applicant(s). Applicant(s) may be requested to provide
reimbursement of data management or preparation costs, as the Ewha Brain Institute
does not receive funding for processes involving data sharing, such as analyses required
for the de-identification of data and preparation of protected access.

Code availability
The FMRIB Software Library tools (FSL) used in this study is an open-source software
available at http://www.fmrib.ox.ac.uk/fsl.

Received: 12 April 2019; Accepted: 18 March 2020;
Published online: 20 April 2020

References

1. Perry, V. H. & Teeling, J. Microglia and macrophages of the central nervous
system: the contribution of microglia priming and systemic inflammation to
chronic neurodegeneration. Semin. Immunopathol. 35, 601-612 (2013).

2. Miller, G. E., Rohleder, N. & Cole, S. W. Chronic interpersonal stress predicts
activation of pro- and anti-inflammatory signaling pathways six months later.
Psychosom. Med. 71, 57-62 (2009).

3. Rohleder, N. Stimulation of systemic low-grade inflammation by psychosocial
stress. Psychosom. Med. 76, 181-189 (2014).

4. Haroon, E., Raison, C. L. & Miller, A. H. Psychoneuroimmunology meets
neuropsychopharmacology: translational implications of the impact of
inflammation on behavior. Neuropsychopharmacology 37, 137-162 (2012).

5. Irwin, M. R. & Cole, S. W. Reciprocal regulation of the neural and innate
immune systems. Nat. Rev. Immunol. 11, 625-632 (2011).

6. Passos, I. C. et al. Inflammatory markers in post-traumatic stress disorder: a
systematic review, meta-analysis, and meta-regression. Lancet Psychiatry 2,
1002-1012 (2015).

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

33.

34.

Valkanova, V., Ebmeier, K. P. & Allan, C. L. CRP, IL-6 and depression: a
systematic review and meta-analysis of longitudinal studies. J. Affect. Disord.
150, 736-744 (2013).

Hinsel, A., Hong, S., Camara, R. J. & Von Kanel, R. Inflammation as a
psychophysiological biomarker in chronic psychosocial stress. Neurosci.
Biobehav. Rev. 35, 115-121 (2010).

Lupien, S. J., McEwen, B. S., Gunnar, M. R. & Heim, C. Effects of stress
throughout the lifespan on the brain, behaviour and cognition. Nat. Rev.
Neurosci. 10, 434-445 (2009).

Copeland, W. E,, Keeler, G., Angold, A. & Costello, E. J. Traumatic events and
posttraumatic stress in childhood. Arch. Gen. Psychiatry 64, 577-584 (2007).
Dantzer, R., O’Connor, J. C, Freund, G. G., Johnson, R. W. & Kelley, K. W.
From inflammation to sickness and depression: when the immune system
subjugates the brain. Nat. Rev. Neurosci. 9, 46-56 (2008).

Harrison, N. A. et al. Quantitative magnetization transfer imaging as a
biomarker for effects of systemic inflammation on the brain. Biol. Psychiatry
78, 49-57 (2015).

McEwen, B. S. et al. Mechanisms of stress in the brain. Nat. Neurosci. 18,
1353-1363 (2015).

Teicher, M. H., Samson, J. A., Anderson, C. M. & Ohashi, K. The effects of
childhood maltreatment on brain structure, function and connectivity. Nat.
Rev. Neurosci. 17, 652-666 (2016).

Van den Heuvel, M. P. & Hulshoff Pol, H. E. Exploring the brain network: a
review on resting-state fMRI functional connectivity. Eur.
Neuropsychopharmacol. 20, 519-534 (2010).

Siman-Tov, T. et al. Early age-related functional connectivity decline in high-
order cognitive networks. Front. Aging Neurosci. 8, 330 (2016).

Mehta, N. D. et al. Inflammation negatively correlates with amygdala-
ventromedial prefrontal functional connectivity in association with anxiety in
patients with depression: preliminary results. Brain Behav. Immun. 73,
725-730 (2018).

McIntosh, R. C. et al. Resting-state connectivity and spontaneous activity of
ventromedial prefrontal cortex predict depressive symptomology and
peripheral inflammation in HIV. J. Neurovirol. 24, 616-628 (2018).

Deco, G. & Kringelbach, M. L. Great expectations: using whole-brain
computational connectomics for understanding neuropsychiatric disorders.
Neuron 84, 892-905 (2014).

Smith, S. M. et al. A positive-negative mode of population covariation links
brain connectivity, demographics and behavior. Nat. Neurosci. 18, 1565-1567
(2015).

Shen, X. et al. Resting-state connectivity and its association with cognitive
performance, educational attainment, and household income in the UK
biobank. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 3, 878-886 (2018).
Blake, D. D. et al. The development of a clinician-administered PTSD scale. J.
Trauma Stress 8, 75-90 (1995).

Schrepf, A. et al. A multi-modal MRI study of the central response to
inflammation in rheumatoid arthritis. Nat. Commun. 9, 2243 (2018).
Harrison, N. A. et al. Inflammation causes mood changes through alterations
in subgenual cingulate activity and mesolimbic connectivity. Biol. Psychiatry
66, 407-414 (2009).

Labrenz, F. et al. Alterations in functional connectivity of resting state
networks during experimental endotoxemia—an exploratory study in healthy
men. Brain Behav. Immun. 54, 17-26 (2016).

Koch, S. B. et al. Aberrant resting-state brain activity in posttraumatic stress
disorder: a meta-analysis and systematic review. Depress Anxiety 33, 592-605
(2016).

Rabellino, D. et al. Intrinsic connectivity networks in post-traumatic stress
disorder during sub- and supraliminal processing of threat-related stimuli.
Acta Psychiatr. Scand. 132, 365-378 (2015).

Patel, R., Spreng, R. N., Shin, L. M. & Girard, T. A. Neurocircuitry models of
posttraumatic stress disorder and beyond: a meta-analysis of functional
neuroimaging studies. Neurosci. Biobehav. Rev. 36, 2130-2142 (2012).
Menon, V. Large-scale brain networks and psychopathology: a unifying triple
network model. Trends Cogn. Sci. 15, 483-506 (2011).

Slavich, G. M., Way, B. M,, Eisenberger, N. I. & Taylor, S. E. Neural sensitivity
to social rejection is associated with inflammatory responses to social stress.
Proc. Natl Acad. Sci. USA 107, 14817-14822 (2010).

Eisenberger, N. I, Inagaki, T. K., Rameson, L. T., Mashal, N. M. & Irwin, M. R.
An fMRI study of cytokine-induced depressed mood and social pain: the role
of sex differences. Neuroimage 47, 881-890 (2009).

Sripada, R. K. et al. Neural dysregulation in posttraumatic stress disorder:
evidence for disrupted equilibrium between salience and default mode brain
networks. Psychosom. Med. 74, 904-911 (2012).

Bluhm, R. L. et al. Alterations in default network connectivity in posttraumatic
stress disorder related to early-life trauma. J. Psychiatry Neurosci. 34, 187-194
(2009).

Marsland, A. L. et al. Systemic inflammation and resting state connectivity of
the default mode network. Brain Behav. Immun. 62, 162-170 (2017).

| (2020)11:1898 | https://doi.org/10.1038/s41467-020-15655-5 | www.nature.com/naturecommunications 1


http://www.fmrib.ox.ac.uk/fsl
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lekander, M. et al. Intrinsic functional connectivity of insular cortex and
symptoms of sickness during acute experimental inflammation. Brain Behav.
Immun. 56, 34-41 (2016).

Oriolo, G. et al. Association of chronic inflammation and perceived stress with
abnormal functional connectivity in brain areas involved with interoception in
hepatitis C patients. Brain Behav. Immun. 80, 204-218 (2019).

Harrison, N. A. et al. A neurocomputational account of how inflammation
enhances sensitivity to punishments versus rewards. Biol. Psychiatry 80, 73-81
(2016).

Baur, V., Hanggi, J., Langer, N. & Jancke, L. Resting-state functional and
structural connectivity within an insula-amygdala route specifically index state
and trait anxiety. Biol. Psychiatry 73, 85-92 (2013).

Labrenz, F. et al. Altered temporal variance and functional connectivity of
BOLD signal is associated with state anxiety during acute systemic
inflammation. Neuroimage 184, 916-924 (2019).

Beckmann, C. F. Modelling with independent components. Neuroimage 62,
891-901 (2012).

Smith, S. M. et al. Correspondence of the brain’s functional architecture
during activation and rest. Proc. Natl Acad. Sci. USA 106, 13040-13045
(2009).

Kim, J. et al. Firefighters, posttraumatic stress disorder, and barriers to
treatment: results from a nationwide total population survey. PLoS ONE 13,
0190630 (2018).

Jeong, H. et al. Altered functional connectivity in the fear network of
firefighters with repeated traumatic stress. Br. J. Psychiatry 214, 347-353
(2018).

Preacher, K. J. & Andrew, F. H. Asymptotic and resampling strategies for
assessing and comparing indirect effects in multiple mediator models. Behav.
Res. Methods 40, 879-891 (2008).

Tighe, P., Negm, O., Todd, I. & Fairclough, L. Utility, reliability and
reproducibility of immunoassay multiplex kits. Methods 61, 23-29 (2013).
Breen, E. C. et al. Multisite comparison of high-sensitivity multiplex cytokine
assays. Clin. Vaccin. Immunol. 18, 1229-1242 (2011).

Dupont, N. C. et al. Validation and comparison of luminex multiplex cytokine
analysis kits with ELISA: determinations of a panel of nine cytokines in
clinical sample culture supernatants. J. Reprod. Immunol. 66, 175-191 (2005).
Wilson, R. S. et al. Depressive symptoms, cognitive decline, and risk of AD in
older persons. Neurology 59, 364-370 (2002).

First, M. B., Spitzer, R. L., Gibbon, M. & Williams, J. B. W. Structured Clinical
Interview for DSM-IV Axis I Disorders (American Psychiatric Association,
1997).

Bonaccio, M. et al. A score of low-grade inflammation and risk of mortality:
prospective findings from the Moli-sani study. Haematologica 101, 1434-1441
(2016).

Allison, D. J. & Ditor, D. S. Targeting inflammation to influence mood
following spinal cord injury: a randomized clinical trial. . Neuroinflammation.
12, 204 (2015).

Prather, A. A. et al. Gender differences in stimulated cytokine production
following acute psychological stress. Brain Behav. Immun. 23, 622-628 (2009).
Rohleder, N., Schommer, N. C., Hellhammer, D. H., Engel, R. & Kirschbaum,
C. Sex differences in glucocorticoid sensitivity of proinflammatory cytokine
production after psychosocial stress. Psychosom. Med. 63, 966-972 (2001).
Vignali, D. A. Multiplexed particle-based flow cytometric assays. J. Immunol.
Methods 243, 243-255 (2000).

Kiraly, D. D. et al. Altered peripheral immune profiles in treatment-resistant
depression: response to ketamine and prediction of treatment outcome.
Transl. Psychiatry 7, 1065 (2017).

Marzetti, E. et al. Patterns of circulating inflammatory biomarkers in older
persons with varying levels of physical performance: a partial least squares-
discriminant analysis approach. Front. Med. 1, 27 (2014).

Decker, M. L., Gotta, V., Wellmann, S. & Ritz, N. Cytokine profiling in healthy
children shows association of age with cytokine concentrations. Sci. Rep. 7,
17842 (2017).

Foerster, B. U., Tomasi, D. & Caparelli, E. C. Magnetic field shift due to
mechanical vibration in functional magnetic resonance imaging. Magn. Reson.
Med. 54, 1261-1267 (2005).

Power, J. D., Barnes, K. A, Snyder, A. Z., Schlaggar, B. L. & Petersen, S. E.
Spurious but systematic correlations in functional connectivity MRI networks
arise from subject motion. Neuroimage 59, 2142-2154 (2012).

60. Jenkinson, M., Bannister, P., Brady, M. & Smith, S. Improved optimization for
the robust and accurate linear registration and motion correction of brain
images. Neuroimage 17, 825-841 (2002).

61. Griffanti, L. et al. ICA-based artefact removal and accelerated fMRI
acquisition for improved resting state network imaging. Neuroimage 95,
232-247 (2014).

62. Salimi-Khorshidi, G. et al. Automatic denoising of functional MRI data:
combining independent component analysis and hierarchical fusion of
classifiers. Neuroimage 90, 449-468 (2014).

63. Beckmann, C. F., DeLuca, M., Devlin, J. T. & Smith, S. M. Investigations into
resting-state connectivity using independent component analysis. Philos.
Trans. R. Soc. Lond. Ser. B-Biol. Sci. 360, 1001-1013 (2005).

64. Beckmann, C. F. & Smith, S. M. Probabilistic independent component analysis
for functional magnetic resonance imaging. IEEE Trans. Med. Imaging 23,
137-152 (2004).

65. Weathers, F. W., Keane, T. M. & Davidson, J. R. Clinician-administered PTSD
scale: a review of the first ten years of research. Depress Anxiety 13, 132-156
(2001).

66. Westfall, P. H. & Young, S. S. Resampling-Based Multiple Testing: Examples
and Methods for P-value Adjustment (John Wiley & Sons, 1993).

Acknowledgements

This project was partly supported by the National Research Foundation of South Korea
(2015M3C7A1028373 to L.K.L; 2015M3C7A1028376 to J.K.), the National Fire Agency
of South Korea (MPSS-Fire Fighting Safety-2016-86 to J.K.), and the Institute for
Information & Communications Technology Promotion of South Korea (B0132-15-1001
to S.Y.).

Author contributions

J.K., S.Y,, and LK.L. supervised, conceived, and designed the study; J.K,, S.Y., S.L., HH.,,
E.H, YJ, EHL, and LK.L. acquired the data; ].K,, S.Y., and LK L. analyzed the data and
wrote the draft of the paper; J.K, S.Y., S.L, HH.,, EH.,, Y.J,, EHL, and LK.L. edited the
paper; J.K,, S.Y., EH.L., and I.K.L. provided technical and material support.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15655-5.

Correspondence and requests for materials should be addressed to LK.L.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work.

Reprints and permission information is available at http://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 license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:1898 | https.//doi.org/10.1038/s41467-020-15655-5 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-020-15655-5
https://doi.org/10.1038/s41467-020-15655-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	A double-hit of stress and low-grade inflammation on functional brain network mediates posttraumatic stress symptoms
	Results
	Sample characteristics and measurements
	Data set 1
	Data set 2

	Discussion
	Methods
	Data sets
	Measurement of inflammatory activity
	MRI data acquisition
	Preprocessing of resting-state fMRI data
	Group ICA
	Construction of the inter-network matrix for each subject
	Selection of inter-network clusters for outcome variables
	Perceived stress levels and PTS symptom severity assessment
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




