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Introduction: The role of inflammation in common psychiatric diseases is now well acknowledged. However, the
factors and mechanisms underlying inter-individual variability in the vulnerability to develop psychopathologyrelated symptoms in response to inflammation are not well characterized. Herein, we aimed at investigating
morphological brain regions central for interoception and emotion regulation, and if these are associated with
acute inflammation-induced sickness and anxiety responses.
Methods: Systemic inflammation was induced using an intravenous injection of lipopolysaccharide (LPS) at a dose
of 0.6 ng/kg body weight in 28 healthy individuals, while 21 individuals received an injection of saline (pla
cebo). Individuals’ gray matter volume was investigated by automated voxel-based morphometry technique on
T1-weighted anatomical images derived from magnetic resonance imaging (MRI). Plasma concentrations of TNFα and IL-6, sickness symptoms (SicknessQ), and state anxiety (STAI-S) were measured before and after the
injection.
Results: A stronger sickness response to LPS was significantly associated with a larger anterior insula gray matter
volume, independently from increases in cytokine concentrations, age, sex and body mass index (R2 = 65.6%).
Similarly, a greater LPS-induced state anxiety response was related to a larger anterior insula gray matter vol
ume, and also by a stronger increase in plasma TNF-α concentrations (R2 = 40.4%).
Discussion: Anterior insula morphology appears central in the sensitivity to develop symptoms of sickness and
anxiety in response to inflammation, and could thus be one risk factor in inflammation-related psychopathol
ogies. Because of the limited sample size, the current results need to be replicated.

1. Introduction
Inflammation has been acknowledged to play a role in the develop
ment of many clinical disorders, including psychiatric conditions such as
depression (Bell et al., 2017; Dantzer et al., 2008; Khandaker et al.,

2014; Slavich, 2015). The putative mechanisms underlying the effect of
inflammation on psychiatric symptoms include the passage of inflam
matory cytokines through humoral pathways (diffusion or active
transport of cytokines through the blood–brain-barrier and activation of
endothelial cells by cytokines), a neuronal pathway (activation of
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afferent nerves by cytokines), and a cellular pathway (entry of periph
eral monocytes into the brain parenchyma) (Dantzer et al., 2008;
Wohleb et al., 2014). While experimental studies in humans support that
peripheral inflammation causes psychopathology-related symptoms
(Lasselin et al., 2020), the symptomatic response to peripheral inflam
mation differs substantially across individuals. This inter-individual
variability holds for the degree of increase in inflammatory cytokines,
the neural response, as well as the behavioral changes that follow
inflammation (Grigoleit et al., 2015; Karshikoff et al., 2016; Lasselin
et al., 2016). Understanding the mechanisms underlying such variability
is crucial if we are to understand what makes some individuals more
vulnerable to develop psychiatric diseases in presence of inflammation.
It also connects to an ongoing quest to understand differences in how
bodily cues are interpreted, regulated and responded to in health and
disease (Khalsa et al., 2018; Petrovic and Castellanos, 2016; Quadt et al.,
2018).
Collectively, the representation of the internal bodily environment in
the brain is denoted interoception (Barrett and Simmons, 2015; Craig,
2002; Critchley et al., 2004). In this internal model of the bodily state,
predictions are compared to incoming sensory information, so that the
model can be updated (Barrett and Simmons, 2015). Dysfunction of
interoception is increasingly recognized as an essential component in
mental health conditions (Di Lernia et al., 2016; Eggart et al., 2019;
Khalsa et al., 2018; Owens et al., 2018a), which is reflected in an
increased use of interventions manipulating interoceptive exposure so as
to target anxiety-provoking physical sensations (Boettcher et al., 2016;
Hedman et al., 2014). This development calls for more knowledge about
individual differences in interoceptive sensitivity, for instance during
systemic inflammation (Lasselin et al., 2018; Lekander et al., 2016;
Quadt et al., 2018).
Brain regions involved in interoceptive processing include insular,
mid- and anterior cingulate and orbitofrontal cortices (Khalsa et al.,
2018; Lekander et al., 2016; Quadt et al., 2018). It has been suggested
that interoceptive information from the body projects to posterior insula
(Craig, 2003, 2002). This information is then re-represented in more
anterior parts of the insula adding more complex information and ex
pectations (Craig, 2003, 2002). Anterior insula constructs a meta-rep
resentation of interoceptive information from the body and supports the
subjective experience associated with different interoceptive input
(sometimes denoted as “feeling states”) (Craig, 2003; Dixon et al., 2014;
Singer et al., 2009). It is connected with anterior cingulate cortex, and
forms a functional unit with the amygdala and orbitofrontal prefrontal
cortex (Quadt et al., 2018). We have previously shown that experimental
systemic inflammation induced by administration of lipopolysaccharide
(LPS) in healthy individuals is followed by increased connectivity be
tween left anterior insula and left mid cingulate cortex, and this con
nectivity was partly related to subjective experience of inflammatory
activation (Lekander et al., 2016). In addition, heightened pain sensi
tivity after LPS was paralleled by decreased activity in the ventrolateral
prefrontal cortex and the rostral anterior cingulate cortex, and higher
activity in the left anterior insular cortex (Karshikoff et al., 2016). These
studies confirm that regions involved in interoception are sensitive to
changes in peripheral inflammation, and strongly overlap with func
tional networks involved in inflammation-associated depression (Har
rison, 2017) as well as emotional control (Petrovic and Castellanos,
2016).
It has been noted that individuals differ substantially in the aware
ness or accuracy of perceiving afferent information from within their
bodies (Bechara and Naqvi, 2004; Craig, 2004; Ludwick-Rosenthal and
Neufeld, 1985). Such investigations have often been based on heartbeat
perception (Ainley et al., 2016), but tests related to gastric perception,
proprioception, ischemic pain, balancing ability, and perception of
bitter taste have also been applied to chart individual differences (Fer
entzi et al., 2018). In addition to behavioral differences, there are
striking disparities between individuals in the morphology of the insula
(Butti and Hof, 2010; Craig and (Bud) Craig, 2010; Craig, 2004; Naidich

et al., 2004). In turn, differences in insula morphology and activity
correlate with divergences in interoceptive ability (Critchley et al.,
2004) and emotional hyper-reactivity (Petrovic et al., 2016; Petrovic
and Castellanos, 2016; Umeda et al., 2015). Further, patients with le
sions in anterior insula show disruptions in breathing-related intero
ceptive accuracy and sensitivity (Wang et al., 2019). Corresponding
observations demonstrate high inter-individual variability in the extent
and position of microscopically defined Brodmann’s areas of the orbi
tofrontal cortex (Uylings et al., 2010), with data showing that structural
differences correlate with e.g. the emotional regulatory functions in
which the orbitofrontal cortex is involved (reviewed in Petrovic and
Castellanos, 2016). Specifically, smaller lateral orbitofrontal cortices is
associated with emotional hyper-reactivity, as well as with subclinical
problems with emotional regulation in healthy subjects (Petrovic et al.,
2016; Petrovic and Castellanos, 2016). An argument can also be raised
for rostral anterior cingulate cortex, the size of which is smaller in pa
tients with fibromyalgia, displaying reduced capacity for pain inhibi
tion, as compared to healthy controls (Jensen et al., 2013). Along this
line, subgenual ACC activations are also associated with proinflammatory cytokines, and response to grief related stimuli (O’Con
nor et al., 2009). Thus, key areas that are involved in interoception and
emotion regulation show high inter-individual structural and functional
variability, which is related to behavioral outcomes. Activity in these
areas, such as insula, amygdala and cingulate cortices, are known to be
modulated during inflammatory activation (Benson et al., 2015; Han
nestad et al., 2012; Harrison, 2016; Harrison et al., 2009; Karshikoff
et al., 2016; Labrenz et al., 2019; Lekander et al., 2016).
In sum, signaling from the immune system to the brain and its
behavioral response encompasses key areas involved in interoception
and emotional regulation. These areas show high inter-individual vari
ability in morphology which might also be related to variability in the
vulnerability to develop short-term psychopathology-related symptoms
in response to acute inflammation. To this end, we aimed to investigate
the relation between a morphological measure of the brain and subjec
tive responses to experimental inflammatory stimulation. We hypothe
sized that morphological grey matter volume of the insula (anterior and
posterior), the anterior cingulate cortex (ACC; pregenual and subgenual
ACC separately), the mid cingulate cortex, the lateral and medial orbi
tofrontal cortex, as well as the amygdala, will relate to the degree of
sickness and anxiety in response to injection of LPS.
2. Methods
2.1. Study design and participants
The current study is derived from a previous study assessing brain
mechanisms underlying pain and sickness malaise during acute
inflammation (Karshikoff et al., 2016; Lekander et al., 2016). The
experiment followed a double-blind randomized placebo-controlled
between-subjects design, in which LPS (E. coli, Lot G3E0609, United
States Pharmacopeia Rockville, MD) at a dose of 0.6 ng/kg body weight,
or placebo (saline) were randomly injected in 52 healthy subjects (29
women and 23 men, mean age 28.6 ± 7.1 years). Sample size was
determined based on data from a pilot study that was used for power
calculation. Based on effect sizes of 1.24 for general health and 1.96 for
current health, a power of 0.80, and an alpha level of 0.05, it was esti
mated that we needed 19 and 27 participants in the current study for
testing current and general health, respectively, in a between-subject
design. We oversampled the LPS group (60/40 rate of LPS/placebo) to
increase the power for analyzes of inter-individual differences in
response to LPS. The relatively low dose of LPS and the between-subjects
design were chosen to improve blinding and to facilitate MR scanning by
avoiding shivering and nausea. Inclusion criteria included: age 18–50,
right handed, normal body mass index (BMI), medication free, nonsmokers. Exclusion criteria included: history of drug abuse, inflamma
tory, psychiatric or sleep disorders, sleep disturbances, chronic pain, and
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pregnancy (assessed using a pregnancy test on the morning of the
experiment). All participants underwent a complete medical examina
tion including routine blood samples and electrocardiogram before in
clusion, and C-reactive protein was assessed on the experimental day to
exclude ongoing infection (no subject had > 3 mg/L). Women were
tested in the early follicular phase, except if using contraceptives abro
gating menses (7 subjects). Participants were asked to refrain from
strenuous physical activities and from alcohol the day before the
experiment, as well as to sleep regular hours (7–8 h per night during two
nights before each study day). Participants were asked to drink their
regular amount of coffee in the morning, to avoid withdrawal symptoms.
Individuals who were heavy coffee consumers were excluded from the
study to avoid withdrawal symptoms during the day, as no coffee was
served.
Among the 52 subjects included, thirty-one subjects (18 women)
were randomly assigned to receive LPS and twenty-one (11 women) to
receive saline (placebo). Within the LPS condition, one subject’s cyto
kine data were missing and two subjects’ self-reported questionnaire
data were missing. Accordingly, the total number of subjects included in
the current analyses was 28 in the LPS condition and 21 in the placebo
condition. Anatomical MRI data (scanning performed between 2 h and
3h30min after injection) were available from all 52 participants.
More details on the procedure can be found in (Karshikoff et al.,
2016, 2015). The study was approved by the Regional Ethical Review
Board in Stockholm (2008/955–31) and all participants provided writ
ten informed consent.

2.4. Magnetic resonance imaging acquisition and preprocessing
Anatomical images were acquired on a 3 Tesla scanner (Discovery
MR750, General Electric, GE) with a 32 channel head-coil (MR in
struments Inc.). The T1-weighted structural scan was acquired with an
axial 3D sequence, flip angle 12◦ , voxel size 1 × 1 × 1 mm3. The MRImeasurement was performed between 2 h and 3h30min after LPS in
jection, the subjects were under the influence of the LPS during the
scanning session.
The Computational Anatomical Toolbox (CAT12.3) (Gaser and
Dahnke, 2016), implemented in MATLAB (Mathworks, Natick, MA,
USA) were used for the T1-weighted MRI data preprocessing. The
CAT12.3 segmentation for voxel-based morphometry (VBM) was used
and spatial registration to the Montreal Neurological Institute coordi
nate space was performed on all images using the geodesic shooting
algorithm (Ashburner and Friston, 2011). Before preprocessing, all raw
data were manually reviewed and after preprocessing, sample homo
geneity check was performed in accordance with the CAT12 manual.
Based on the mahalanobis distance on mean voxel correlations and the
weighted average quality measure, no participants were removed from
further analysis. The mean weighted overall image quality of the 31
images used for the analyses was 86.4 ± 0.5%. Finally, the segmented
and spatially normalized T1-weighted MRI data were smoothed using a
Gaussian kernel with 8 mm full width at half maximum (FWHM) in
SPM12.
2.5. Regions of interest

2.2. Plasma cytokine concentrations

Departing from a 3-component parcellation of the insular cortex
(Kelly et al., 2012), and in accordance with our previous publication
(Lekander et al., 2016), the anterior and posterior components of the
insular cortex was used as regions of interest (ROI). The mid cingulate
cortex ROI was defined in accordance with our previous functional MRI
study on LPS (Lekander et al., 2016). The amygdala, subgenual and
pregenual anterior cingulate cortex, and medial and lateral orbitofrontal
cortex were defined using the recent parcellations in automated
anatomical labeling version 3 (AAL3; publicly available on
https://www.oxcns.org/aal3.html; see also Fig. 1) (Rolls et al., 2020). In
SPM12, within each ROI, the average of all voxels was extracted and
subject for further statistical analysis. Primary analyses were performed
for each brain region bilaterally, and for completeness, also unilateral
results are reported for bilateral regions suggesting statistical signifi
cance - see Supplementary Material Table S1.

Blood samples were taken before, 1 h 30 min, 3 h 30 min, and 5 h
after the LPS or placebo injection. Fasting blood samples were not
possible, as the samples were taken throughout the day. All blood
samples were processed within an hour and stored in a − 20 ◦ C freezer,
then transported to a − 70 ◦ C freezer at the end of the day. All blood
samples were thawed for analysis at the end of data collection. Plasma
concentrations of TNF-α, IL-6, and IL-8 were measured using Millipore’s
MILLIPLEX MAP high sensitivity human cytokine kit (Millipore Corpo
ration, Billerica, MA, USA) according to the manufacturer’s instructions,
with detection limits of 0.4 pg/ml, 0.9 pg/ml, and 0.4 pg/ml, respec
tively. Values below detection limits were replaced by the detection
limit. TNF-α and IL-6 values were log-transformed. A change score from
baseline to 1h30min post LPS injection was calculated. IL-8 concentra
tions were intended for another (i.e. associations with pain testings, see
Karshikoff et al., 2015) and were not used in the current study.

2.6. Statistical analyses

2.3. Sickness and anxiety symptoms

Analyses on behavioral data, cytokines, and the extracted gray
matter (GM) volumes were performed using STATA (StataCorp LLC.
2017. Stata Statistical Software: release 15.1. College Station, TX, USA).
Linear and multiple regressions were conducted in the group of partic
ipants having received LPS administration, in two steps: (1) separate
linear regression analyses were conducted to assess the association be
tween (a) the change in cytokine concentrations from baseline to
1h30min after LPS administration, and (b) regional GM volumes of the
brain regions of interest, with the change in sickness symptoms and
anxiety from baseline to 1h30min after LPS administration; and (2)
multiple linear regression analyses that included the independent vari
ables that were found to be significantly (P < .05) associated with the
sickness and anxiety response in the first step. Standardized betas co
efficients (β) and adjusted R2 values are reported. Age, sex and BMI were
added as covariates of no interest in all models, and in analyses
including regional brain morphology, each individual’s total GM was
added as a covariate of no interest.
The multivariate Cook’s D measure was used to identify values of
high influence in each regression model, and a value exceeding 4/N was
defined as a statistical outlier and removed from the models presented

Self-report questionnaires were completed before, 1h30min,
3h30min, and 5 h after the LPS or placebo injection. Sickness symptoms
were assessed using the Sickness Questionnaire (SicknessQ) (Andreasson
et al., 2018). The SicknessQ includes 10 items measuring the intensity of
sickness symptoms, with a total score ranging from 0 (no symptom) to
30 (high sickness symptoms). SicknessQ items include somatic symp
toms, i.e. “I feel nauseous”, “My body feels sore”, “I feel shaky”, “I have a
headache”, as well as emotional and fatigue aspects, i.e. “I want to keep
still”, “I wish to be alone”, “I don’t wish to do anything at all”, “I feel
depressed”, “I feel drained”, and “I feel tired”.
State anxiety was assessed with the state version of the State-Trait
Anxiety Inventory (STAI-S) (Spielberger et al., 1970), a 20-item ques
tionnaire assessing the intensity of state anxiety symptoms with a score
ranging from 20 to 80. For both sickness and anxiety symptoms, a
change score from baseline to 1h30min post LPS injection was calcu
lated and defined behavioral outcomes in subsequent analyses.
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Fig. 1. Regions of interest. The figure depicts defined regions of interest (ROI) in the current study. The average voxel values were extracted from each region and
used for further analysis. 1) Light green = Medial orbitofrontal; 2) Purple = Lateral orbitofrontal; 3) Orange = Amygdala; 4) Turquoise = Anterior insula (Kelly et al.,
2012); 5) Dark blue = Posterior insula (Kelly et al., 2012); 6) Yellow = Pregenual anterior cingulate; 7) Pink = Subgenual anterior cingulate; 8) Light blue = Mid
cingulum (Lekander et al., 2016). If not explicitly stated, the ROI was defined using the Automated Anatomical Labeling version 3 (AAL3) (Rolls et al., 2020). Within
each region and across all voxels, the average voxel value was extracted and subject for further statistical analysis. The high-resolution anatomical image from
Keuken et al. (2014) is used as a background. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

herein (see also Supplementary Material Figure S1 demonstrating the
final multiple linear regressions including the statistical outliers).
Further, the variance inflation factor (VIF) was used to review multi
collinearity among multiple independent variables (i.e., a VIF above 5
points was considered troublesome).

injected with the placebo (Fig. 2AB). LPS-induced sickness response is
moderately correlated with the anxiety response (changes from baseline
to 1h30min), Pearson’s r(28) = 0.57, P = .002. Plasma concentrations of
IL-6 and TNF-α significantly increased after LPS injection compared to
the placebo injection (Fig. 2CF). For details on the kinetic of the changes,
see (Lekander et al., 2016).

3. Results

3.2. Association between brain morphology, cytokines and behavioral
responses to LPS

3.1. Behavioral and cytokine responses to LPS
Sickness symptoms and state anxiety symptoms increased from 0 to
1h30min after the LPS injection, but not in participants having been

As presented in Table 1 and Fig. 2DG, increases in both IL-6 and TNF-

α concentrations from baseline to 1h30min after the LPS injection were

Fig. 2. Changes and associations in cytokine plasma concentrations, sickness symptoms, and state anxiety after lipopolysaccharide (LPS) or placebo
injection. Changes in A) sickness symptoms (SicknessQ), B) anxiety symptoms (STAI-S), C) IL-6 plasma concentrations (pg/mL), and F) TNF-α plasma concentrations
(pg/mL). Error bars represent 95% confidence intervals. Changes in cytokines and behaviors are calculated as delta scores between baseline and 1h30min after LPS
administration (as denoted by * in Fig. 2 A,B,C,F). Both D) IL-6 (green circles), and G) TNF-α (green squares) significantly relates to the sickness response (all P’s <
0.05). E) IL-6 did not (red circles; P = .351), but H) TNF-α was significantly associated with the anxiety response (red squares; P = .036). See also Table 1 for details.
All associations between behavior and cytokines (Fig. 2 D,E,G,H) included age, sex and BMI as covariates of no interest. The placebo group is excluded in all
regression models and only included in the figures for illustrative purposes (beige triangles). Abbreviations: LPS: lipopolysaccharide, IL-6: interleukin-6, TNF-α:
tumor necrosis factor-α, SicknessQ: Sickness Questionnaire, STAI-S: State part of the State-Trait Anxiety Inventory. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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vulnerability to short-term behavioral effects of inflammatory activa
tion, this study examined the associations between GM volume of brain
regions central for interoception and emotion regulation, and the
behavioral response to experimentally-induced inflammation. To sum
marize the findings, a larger anterior insula volume was associated with
greater responses in both sickness and anxiety, independent from other
potential variables and covariates of no interest. In addition, a stronger
increase in TNF-α was independently related to a stronger increase in
anxiety, although it was not significant when correction for multiple
testing was considered. These findings support that anterior insula is
central for how we interpret immune-activated changes in the body
(Benson et al., 2015; Karshikoff et al., 2016; Labrenz et al., 2019;
Lekander et al., 2016), and support that differences in GM volume are
associated with being more sensitive to develop inflammation-induced
sickness. In the univariate regression models, a stronger subjective
sickness response to immune activation was indicated as also being
associated with smaller lateral orbitofrontal cortex, in addition to higher
increases in both TNF-α and IL-6. A stronger increase in anxiety was
related to larger amygdala volume. These associations were expected,
but were not significant after Bonferroni correction and when entered
together in the multivariate model. Notably, neither GM volume of the
pregenual, subgenual nor mid cingulate cortices was associated with the
subjective response to LPS.
Previous studies have investigated correlations between circulating
(unstimulated) levels of pro-inflammatory markers, such as IL-6 and Creactive protein, and brain morphology, reporting that higher peripheral
inflammation was associated with less cortical gray and white matter as
well as hippocampal volume (Marsland et al., 2015, 2008). Results from
such observational studies of peripheral inflammation and brain struc
ture are likely to reflect longer-term homeostatic perturbations, in
contrast to the present study’s use of experimental inflammation and
focus on the acute behavioral response to immune challenge. Studies
using inflammatory activation with functional neuroimaging or fluo
rodeoxyglucose positron emission tomography (FDG-PET) together
point at increased activity in insula, amygdala, hippocampus and
cingulate cortices (Benson et al., 2015; Karshikoff et al., 2016; Kraynak
et al., 2018; Labrenz et al., 2019; Lekander et al., 2016). The present
results extend such studies by indicating that the morphology of some of
these regions of interest might modulate the vulnerability to develop
acute psychopathology-associated symptoms in response to the inflam
matory challenge. Although it remains to be tested with a repeated
measure design, the findings may converge with the notion that mea
sures of brain morphology can show short-term changes, such as when
viewing complex arousing pictures (Månsson et al., 2020), or two hours
after having received pharmacotherapy (dopamine D2 antagonist

Table 1
Separate linear regression models assessing the association of brain morphology
and cytokine response with the behavioral 1) sickness, or 2) anxiety response.
Both cytokine and bilateral regional GM volume models included age, sex and
BMI as covariates of no interest. In addition, all regional GM volume models
included the total GM volume as a covariate of no interest. Subjects answered
questionnaires on sickness (measured with the Sickness Questionnaire) and
anxiety (STAI-S) before and 1h30min after. Analyses on unilateral (left/right
separately) GM volume are presented in Supplementary Material Table S1.
Sickness
β

Anxiety
Adj R2

Cytokines
IL-6 change
0.60
46.1%
0.37
33.4%
TNF-α change
Regional and bilateral GM volume
Amygdala
0.33
19.8%
Cingulate, anterior,
0.06
14.7%
pregenual
Cingulate, anterior,
0.39
34.9%
subgenual
Cingulate, mid
-0.01
25.4%
Insula, anterior
0.71
57.5%
Insula, posterior
0.33
30.5%
Orbitofrontal, medial
0.02
25.4%
Orbitofrontal, lateral
-0.50
42.6%

P

β

Adj R2

P

0.003§
0.047

0.27
0.45

1.6%
10.9%

0.351
0.036

0.277
0.846

0.61
0.03

19.2%
0.3%

0.016
0.934

0.096

0.36

2.8%

0.204

0.983
0.001§
0.228
0.952
0.019

-0.22
0.84
0.19
-0.21
-0.15

0.5%
41.0%
1.3%
3.1%
3.2%

0.654
0.001§
0.552
0.557
0.567

denotes significant (P < 0.05) after Bonferroni correction.
Abbreviations: IL-6, Interleukin 6; GM, gray matter; TNF-α, Tumor necrosis
factor alpha; STAI-S: State part of the State-Trait Anxiety Inventory;

§

associated with higher sickness response from baseline to 1h30min after
LPS. Increased TNF-α, but not IL-6, concentration was significantly
associated with a stronger state anxiety response to LPS. Among the
investigated brain regions, larger anterior insula and smaller lateral
orbitofrontal GM volume, respectively, were significantly related to an
increased LPS induced sickness response. Furthermore, larger anterior
insula and amygdala GM volumes were associated with a stronger
anxiety response to LPS. Cytokines and regional GM volume signifi
cantly associated with sickness or anxiety were implemented in the final
multiple regressions (Table 2). A larger anterior insula GM volume, and
lower BMI, were independently and significantly associated with a
stronger sickness response (R2 = 65.6%) (Fig. 3A), whereas both a larger
anterior insula GM volume and increased TNF-α concentrations were
related to a stronger state anxiety response (R2 = 40.4%) (Fig. 3BC).
4. Discussion
To obtain a better understanding of phenotypic differences in the

Table 2
Multiple regressions assessing the association of brain morphology and cytokine response with the (A) sickness, and (B) anxiety responses after LPS injection. Subjects
answered questionnaires on sickness (measured with the Sickness Questionnaire) and anxiety (i.e., STAI-S) before and after injection (1h30min post LPS). Individual’s
change scores were computed for both behavioral self-reports and cytokines. All regional gray matter volumes are bilaterally defined. Further, multicollinearity was
checked and showed that all variance inflation factors (VIF’s) were below 4.46 for model (A), and below 3.69 for model (B). Both regression models included 25
subjects.
Sickness
β
IL-6 change
TNF-α change
Amygdala
Insula, anterior
Orbitofrontal, lateral
Total GM volume
Age
Sex
BMI
Model

0.34
0.02
–
0.72
0.08
-0.18
0.02
-0.10
-0.76
(A) Adj R2 ¼ 65.6%,

Anxiety
t
1.42
0.07
–
3.64
0.38
0.70
0.12
0.61
4.48
P < 0.001

P

β

0.175
0.946
–
0.002
0.709
0.496
0.909
0.550
< 0.001

–
0.40
0.24
0.60
–
-0.25
0.25
-0.28
-0.33
(B) Adj R2 ¼ 40.4%,

– denotes that the variable was not included in the multiple regression model.
Abbreviations: GM, gray matter; BMI, body mass index; IL-6, Interleukin 6; TNF-α, Tumor necrosis factor-α.
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t
–
2.37
0.79
2.34
–
1.00
1.27
1.24
1.46
P < 0.001

P
–
0.030
0.439
0.032
–
0.331
0.221
0.232
0.162
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Fig. 3. Anterior insula associated with
behavioral responses after LPS adminis
tration. Figure A) displays that anterior
insula gray matter volumes are associated
with the sickness response (Sickness-Q)
from 0 to 1h30min after administration of
LPS, B) depicts that anterior insula gray
matter volumes also relate to the anxiety
response (STAI-S) from 0 to 1h30min after
administration of LPS. Statistical outliers (as
defined by the influence measure Cook’s D)
were excluded from analyses but displayed
(i.e., as marked by the character × ) in the
figure to ensure transparency. See also
Table 2 for details. Abbreviations: LPS:
lipopolysaccharide, SicknessQ: Sickness
Questionnaire, STAI-S: State part of the
State-Trait Anxiety Inventory.

haloperidol) (Tost et al., 2010). Although, it remains unclear what T1weighted MR imaging of the brain’s GM volume represents (Tardif
et al., 2016 for a review), such macro level assessment reflects several
cellular mechanisms, e.g., plasticity in synapses, neurons, and glial cells
(Wenger et al., 2017; Zatorre et al., 2012). Thus, we cannot rule out that
insular cortex morphology responds to acute inflammation, results
which in that case coincide with findings of studies on inflammation
induced microstructural changes (Harrison et al., 2015) or neural re
sponses as measured with functional MRI (Lekander et al., 2016).
Although different underlying mechanisms may be at play, morpho
logical changes in brain networks parallel their function states (Månsson
et al., 2020; Zatorre et al., 2012).
Importantly, the present results point towards immune-to-brain
communication as an integral part of interoception (Harrison et al.,
2009; Lekander et al., 2016). Specifically, the anterior insula has been
argued to provide a consciously accessible representation of inflamma
tion (Harrison et al., 2009; Lekander et al., 2016), and the current
findings suggest that the intensity of the conscious experience of malaise
is associated with differences in the morphology of the anterior insula.
Interestingly, Critchley et al (2004) observed that GM volume of the
anterior insula/opercular cortex correlated with accuracy in a heartbeat
detection task as well as with subjective ratings of general visceral
awareness. As noted, a number of studies have shown that inflammatory
activation with LPS modulates interoceptive pathways, including the
insular and the anterior and the mid cingulate cortices (Benson et al.,
2015; Hannestad et al., 2012; Harrison et al., 2009; Karshikoff et al.,
2016; Labrenz et al., 2019; Lekander et al., 2016). Because individuals
having a larger insula exhibited both stronger sickness feelings and
anxiety after the inflammatory challenge in the present study, the
morphology of the anterior insula could be related to vulnerability to
inflammatory activation. Again, the cingulate cortices were not associ
ated with sickness and anxiety in the present investigation. The reasons
for this are unclear, but if a true relation between cingulate morphology

and the response to inflammatory activation exists, this may be better
captured with methods actively engaging top-down regulation, relative
to a non-active condition as T1-weighted imaging typically represents.
On a related note, volume of the lateral orbitofrontal cortex was nega
tively related to sickness, in keeping with its suggested role in emotional
regulation and mapping of interoceptive needs (Petrovic et al., 2016;
Petrovic and Castellanos, 2016). However, volume of the lateral orbi
tofrontal cortex did not remain a significant predictor in the multivariate
regression model.
An influential hypothesis on interoception states that the brain’s
simulations function as Bayesian filters for incoming sensory input,
matching incoming sensory information with top-down predictions
created by prior experiences (Barrett and Simmons, 2015; Owens et al.,
2018a). This hypothesis is referred to as predictive coding, and corre
sponds to the concept of top-down modulation. Interestingly, it has been
suggested that the lateral orbitofrontal cortex has a pivotal role in such
top-down predictions within the interoceptive-emotional domain (Pet
rovic et al., 2005, 2002). Importantly, such modulation does not only
pertain to the subjective experience or other higher-order processing,
but also to descending control, as when the anterior cingulate inhibits
incoming pain signals through connections with the brain-stem in pla
cebo responses (Fields, 2004; Petrovic et al., 2002), or when interactions
between the insula and anterior cingulate cortex together provide
descending regulatory influences on peripheral inflammatory pathways
(Harrison, 2016). Together with the regions of interest in the present
study, these regions constitute nodes involved in integration of intero
ceptive information and in allostatic predictions (Khalsa et al., 2018).
Thus, as part of a hierarchically organized “central autonomic network”,
regions such as insula and anterior cingulate seem involved in both
predicting, representing and regulating somatic/visceral state (Smith
et al., 2017). The perspective of predictive coding is therefore relevant in
order to understand individual differences in response to inflammation,
and how expectations and prior knowledge shape this response.
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Following this logic, we previously presented preliminary support for a
role of prediction errors, measured as the discrepancy between the im
mune signal and sickness expectancy, in predicting emotional distress to
experimental inflammatory stimulation, suggesting that the emotional
response to inflammation might follow a predictive coding model
(Lasselin et al., 2018). It is also in keeping with the notion that differ
ences between observed and expected bodily state can be a ‘bottom-up’
source of anxiety (Paulus and Stein, 2006), supported by observations
that the anterior insula detects discrepancies in predictions rather than
actual changes in physical state (Owens et al., 2018b). Thus, the relation
between the expected and the experienced response to an inflammatory
stimulus might relate to the degree of anxiety and therefore the pro
pensity of the individual to act on the bodily signal, a process that in
speculation could be influenced by the morphology of the anterior
insula.
Strengths of the present study were that pre-planned analyses were
performed on a restricted number of regions of interest based on theo
retically and empirically defined priors in order to contain Type I errors.
Another strength is the placebo-controlled experimental design. In
addition, the study demonstrates the feasibility of the LPS model to
fulfill the need for methods to elicit homeostatic perturbations in
controlled settings to chart interoceptive processes (Khalsa et al., 2018).
Particularly, two limitations need to be highlighted. First, the statistical
power to detect individual differences is restricted. Power analysis was
conducted based on a pilot study and the number of included partici
pants allowed a strong power for behavioral and immunological ana
lyses. However, at the time of planning the study, power was unknown
for estimates of GMV. To handle this limitation, we included 8 bilater
ally defined brain regions and two cytokines, all defined a priori, and
focused interpretation and conclusions on the final multiple regressions
where all variables of interest and covariates were tested at once. Sec
ond, MR scans were performed after immune activation. Measures of
brain morphology are sensitive to the current mental state and activity
(Månsson et al., 2020), providing an alternative explanation to the
inferred effects of morphology on the response to inflammation. Given
these two main limitations, the current results need to be replicated in
independent datasets, especially including designs in which scans are
performed both before and after inflammatory activation.
In conclusion, the present study supports that morphological volume
of an area central for interoceptive and emotional processes, the anterior
insula, is related to how strongly an individual feels sick and becomes
anxious after an acute inflammatory activation. Considering the
involvement of inflammatory processes in psychiatric disorders and its
relation to comorbid problems and outcomes in a range of disease states,
the clinical relevance of this phenotypic sensitivity should be studied in
clinical groups.

Sahlander, Y. Österman, G. de Forest, M. Dahl, W. Osika and W. Johnen
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Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbi.2021.09.007.
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Puhl, M., Safron, A., Sala, M., Savitz, J., Saxon, H., Schoenhals, W., StanwellSmith, C., Teed, A., Terasawa, Y., Thompson, K., Toups, M., Umeda, S., Upshaw, V.,
Victor, T., Wierenga, C., Wohlrab, C., Yeh, H.-W., Yoris, A., Zeidan, F., Zotev, V.,
Zucker, N., 2018. participants, 2018. Interoception and Mental Health: A Roadmap.
Biol. Psychiatry. Cogn. Neurosci. Neuroimaging 3 (6), 501–513.
Khandaker, G.M., Pearson, R.M., Zammit, S., Lewis, G., Jones, P.B., 2014. Association of
serum interleukin 6 and C-reactive protein in childhood with depression and
psychosis in young adult life: a population-based longitudinal study. JAMA
Psychiatry 71 (10), 1121. https://doi.org/10.1001/jamapsychiatry.2014.1332.
Kraynak, T.E., Marsland, A.L., Wager, T.D., Gianaros, P.J., 2018. Functional
neuroanatomy of peripheral inflammatory physiology: A meta-analysis of human
neuroimaging studies. Neurosci. Biobehav. Rev. 94, 76–92.
Labrenz, F., Ferri, F., Wrede, K., Forsting, M., Schedlowski, M., Engler, H., Elsenbruch, S.,
Benson, S., Costantini, M., 2019. Altered temporal variance and functional
connectivity of BOLD signal is associated with state anxiety during acute systemic
inflammation. Neuroimage 184, 916–924.
Lasselin, J., Elsenbruch, S., Lekander, M., Axelsson, J., Karshikoff, B., Grigoleit, J.-S.,
Engler, H., Schedlowski, M., Benson, S., 2016. Mood disturbance during
experimental endotoxemia: Predictors of state anxiety as a psychological component
of sickness behavior. Brain Behav. Immun. 57, 30–37.
Lasselin, J., Lekander, M., Benson, S., Schedlowski, M., Engler, H., 2020. Sick for science:
experimental endotoxemia as a translational tool to develop and test new therapies
for inflammation-associated depression. Mol. Psychiatry. https://doi.org/10.1038/
s41380-020-00869-2.
Lasselin, J., Petrovic, P., Olsson, M.J., Paues Göranson, S., Lekander, M., Jensen, K.B.,
Axelsson, J., 2018. Sickness behavior is not all about the immune response: Possible
roles of expectations and prediction errors in the worry of being sick. Brain Behav.
Immun. 74, 213–221.
Lekander, M., Karshikoff, B., Johansson, E., Soop, A., Fransson, P., Lundström, J.N.,
Andreasson, A., Ingvar, M., Petrovic, P., Axelsson, J., Nilsonne, G., 2016. Intrinsic
functional connectivity of insular cortex and symptoms of sickness during acute
experimental inflammation. Brain Behav. Immun. 56, 34–41.
Ludwick-Rosenthal, R., Neufeld, R.W.J., 1985. Heart beat interoception: a study of
individual differences. Int. J. Psychophysiol. 3 (1), 57–65.
Månsson, K.N.T., Cortes, D.S., Manzouri, A., Li, T.-Q., Hau, S., Fischer, H., 2020. Viewing
Pictures Triggers Rapid Morphological Enlargement in the Human Visual Cortex.
Cereb. Cortex 30, 851–857.

16

