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A B S T R A C T   

Objective: There is increasing evidence for a subgroup of major depressive disorder (MDD) associated with 
heightened peripheral blood inflammatory markers. In this study, we aimed to understand the mechanistic brain- 
immune axis in inflammation-linked depression by investigating associations between functional connectivity 
(FC) of brain networks and peripheral blood immune markers in depression. 
Methods: Resting-state functional magnetic resonance imaging (fMRI) and peripheral blood inflammatory 
markers (C-reactive protein; CRP, interleukin-6; IL-6 and immune cells) were collected on N = 46 healthy 
controls (HC; CRP ≤ 3 mg/L) and N = 83 cases of depression, stratified further into low CRP cases (loCRP cases; 
≤ 3 mg/L; N = 50) and high CRP cases (hiCRP cases; > 3 mg/L; N = 33). In a two-part analysis, network-based 
statistics (NBS) was firstly used to ascertain whole-brain FC differences in HC vs hiCRP cases. Secondly, we 
investigated the association between this network of interconnected brain regions and continuous measures of 
peripheral CRP (N = 83), IL-6 (N = 72), neutrophils and CD4+ T-cells (N = 36) in depression cases only. 
Results: Case-control NBS testing revealed a single network of abnormally attenuated FC in the high CRP 
depression cases compared to healthy controls. Connections within this network were mainly between brain 
regions located in the left insula/frontal operculum and posterior cingulate cortex, which were assigned to 
ventral attention and default mode canonical fMRI networks respectively. Within-group analysis across all 
depression cases, secondarily demonstrated that FC within the identified network significantly negatively scaled 
with CRP, IL-6 and neutrophils. 
Conclusions: The findings suggest that inflammation is associated with disruption of functional connectivity 
within a brain network deemed critical for interoceptive signalling, e.g. accurate communication of peripheral 
bodily signals such as immune states to the brain, with implications for the pathogenesis of inflammation-linked 
depression.   

1. Introduction 

Subsuming a heterogeneous population of patients into diagnostic 
categories that are chiefly defined by syndromic and behavioural con
structs, as opposed to biological discriminators, has been a persistent 

issue in classification of major depressive disorder (MDD; henceforth 
also referred to as depression) (Schmaal et al., 2020). In this context, 
there has been growing interest in identifying a subgroup of MDD cases 
associated with blood biomarkers of peripheral inflammation (Kiecolt- 
Glaser et al., 2015; Otte et al., 2016), so-called inflammation-linked 
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depression. 
Evidence for mechanistic links between the immune system and 

depression was first reported about 30 years ago, and has since become 
the foundation of the emerging field of immunopsychiatry (Maes et al., 
1992; Dantzer et al., 2008; Miller and Raison, 2016; Khandaker et al., 
2017; Pariante, 2015; Khandaker et al., 2021). Meta-analyses of cross- 
sectional, case-control studies have demonstrated low-grade increases 
in peripheral C-reactive protein (CRP), inflammatory cytokines, partic
ularly interleukin 6 (IL-6) and innate immune cells in MDD cases 
(Haapakoski et al., 2015; Osimo et al., 2020; Lynall et al., 2020). In 
longitudinal studies, higher levels of CRP and IL-6 at baseline predicted 
increased risk of depression at follow-up, suggesting a causal role for 
inflammation in depression (Khandaker et al., 2014). While there is a 
clear implication for inflammation in the pathoetiology of a subgroup of 
MDD cases, but what this mechanistically entails across the neuro
immune axis still remains elusive (Nusslock and Miller, 2016; Wohleb 
et al., 2016). Functional magnetic resonance imaging (fMRI) is a 
potentially useful tool for investigation of inflammation- and 
depression-related changes in brain functional connectivity (Logothetis, 
2008; Fox and Greicius, 2010). 

In case-control fMRI studies of depression, functional connectivity 
(FC) abnormalities have been frequently reported with a focus on ca
nonical resting state networks (RSNs) such as the default mode network 
(DMN), the ventral attentional network (VA), and the fronto-parietal 
control network (FP), each of which is associated with specific behav
ioral domains and/or classes of symptoms relevant to MDD (Thomas Yeo 
et al., 2011). For example, abnormal connectivity within the DMN has 
been linked to rumination and negative self-referential thoughts (She
line et al., 2009; Hamilton et al., 2015); whereas dysconnectivity of the 
VA network has been associated with impairments in emotion recogni
tion and processing, apathy and anhedonia (Seeley, 2019). Nonetheless, 
there are inconsistencies between individual studies. Both abnormal 
hypoconnectivity (reduced positive FC and increased negative FC), and 
abnormal hyperconnectivity (increased positive FC and reduced nega
tive FC), have been reported for the DMN, FP and VA networks in 
depression (Kaiser et al., 2015). 

There have been fewer fMRI studies of inflammation-related changes 
in resting state connectivity, with greater paucity in depression cases. 
However, a recent meta-analysis encompassing human experimental 
models of inflammation, clinical studies of hepatitis C patients receiving 
IFNα treatment, and observational studies of community samples with 
variable blood levels of CRP, reported that inflammation-related 
changes were consistently co-localized to DMN, VA and limbic func
tional networks (Kraynak et al., 2018). Seminal studies have reported 
CRP-related differences in connectivity among depression cases (rather 
than between cases and controls), where high CRP correlated negatively 
with seed-based analysis of cortico-striatal and cortico-amygdalar con
nectivity (Felger et al., 2016; Mehta et al., 2018; Yin et al., 2019). 
Overall, there is emerging evidence that peripheral inflammation can 
perturb FC of brain networks that are known to be critical for emotional 
regulation (Damasio et al., 2000; Critchley and Garfinkel, 2017; Savitz 
and Harrison, 2018). 

Here, we investigated the relationships between depression, pe
ripheral inflammation and whole-brain functional connectivity in two 
related analyses, complementary to our previous investigation on 
microstructural MRI and FC differences in HC and all depression cases, 
in the same imaging sample (Kitzbichler et al., 2020). First, we used 
network-based statistics (NBS) on whole-brain functional connectivity 
matrices or connectomes to test for network-level FC differences be
tween high CRP depression cases (hiCRP cases; CRP > 3 mg/L) 
compared to healthy controls (HC; CRP ≤ 3 mg/L). Informed by prior 
reports of decreased FC associated with inflammation in depression 
(Felger et al., 2016; Mehta et al., 2018; Yin et al., 2019), and more 
generally with depression (Kaiser et al., 2015; Veer et al., 2010), we 
tested the one-tailed null hypothesis that there is no set of inter
connected edges (or connections) with attenuated FC in hiCRP 

depression cases compared to HC. This null hypothesis was refuted. A 
network of significantly attenuated connections linking mainly insular, 
cingulate and subcortical regions was identified. Second, we used this 
network as a “mask” to explore within-group relationships between FC 
measured in all depression cases, and peripheral inflammation indexed 
by CRP, IL-6 and two classes of immune cells (neutrophils and CD4+ T- 
cells) which were previously shown to be significantly increased in case- 
control analysis of a larger sample from the same study (Lynall et al., 
2020). We hypothesized that increased blood protein and cellular in
flammatory markers would be negatively correlated with FC of this 
network. 

2. Methods and materials 

2.1. Participants 

Biomarkers for Depression (BioDep) was an observational case- 
control study conducted as part of the Wellcome Trust Neuro
immunology of Mood Disorders and Alzheimer’s disease (NIMA) Con
sortium. All procedures were approved by an independent national 
research ethics service (NRES) committee (NRES: East of England, 
Cambridge Central, UK; Reference: 15/EE/0092) and all participants 
provided written informed consent. 

All participants satisfied inclusion criteria, e.g. aged 25–50 years, 
and exclusion criteria, e.g. major medical inflammatory disorder or 
immuno-modulatory medication (Supplementary Appendix; SA1). The 
adult age range was motivated by the intention of this study to discover 
brain imaging biomarkers that could be useful immediately for clinical 
trials of novel anti-inflammatory drugs for depression. Noting that such 
trials typically focus on the adult population (rather than adolescent or 
older demographics), we pragmatically specified the age range for this 
study to align with the likely demographic profile of participants in 
future clinical trials with fMRI-based surrogate endpoints. All depression 
cases screened positive for current depressive symptoms on the Struc
tured Clinical Interview for DSM-5 Depressive Disorders (SCID), and had 
total Hamilton Rating Scale for Depression (HAMD-17) score > 13 (SA1- 
3). 

After initial telephone screening, potentially eligible participants 
attended an eligibility assessment (Fig. S1), including blood sampling 
for CRP assay, at one of 5 UK recruitment centers (Brighton, Cambridge, 
Glasgow, King’s College London (KCL), or Oxford). Eligible participants 
next attended one of 3 UK assessment centers (Cambridge, KCL or Ox
ford) for venous blood sampling, clinical assessment, and MRI scanning, 
all scheduled on the same day at 8-10am (SA2). Depression cases were 
then stratified by blood CRP level: loCRP depression cases had CRP ≤ 3 
mg/L (corresponding to “low” and “average” risk for cardiovascular 
disease per American Heart Association (AHA) guidelines), hiCRP 
depression cases had CRP > 3 mg/L (“high” risk for cardiovascular 
disease per AHA) (Pearson et al., 2003). We note that the high/low CRP 
cutoff value of 3 mg/L has been widely used in other studies of 
inflammation-related depression (Wium-Andersen et al., 2013; Raison 
et al., 2013; Uher et al., 2014). Three hiCRP depression cases with CRP 
> 10 mg/L (10.2 – 11.4 mg/L) were retained for analysis as there was no 
clinical evidence for infection or other exclusionary medical disorders 
(SA1). All HCs had CRP ≤ 3 mg/L. 

2.2. Blood immune biomarkers 

All participants provided up to 90 mL of fasting venous blood. CRP 
was measured using high sensitivity immunoturbidometry at a central 
laboratory (Q2 Solutions, Livingston, Scotland, UK). Cytokine and che
mokine levels were measured in plasma and serum using relevant V- 
PLEX 10-spot immunoassay kits from Meso Scale Discovery (MSD; 
Rockville, MD , USA) (see Section S2). After quality control (QC), 
analyzable cytokine data on IL-6 and other cytokines were obtained for 
N = 72 MDD cases (Table S1A). Only IL-6 was available for analysis in 
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the present study. All blood protein concentrations were log- 
transformed (base 10) prior to further analyses. 

2.3. Cellular biomarkers 

Absolute cell counts were available for 12 leukocyte classes for N =
36 depression cases (Table S1B-C) that were a subset of a previous report 
on a larger sample (Lynall et al., 2020). Absolute hematology cell counts 
(red cells, platelets, neutrophils, eosinophils, basophils, lymphocytes, 
monocytes) were measured centrally by a clinical diagnostics laboratory 
(Q2 Solutions, Livingston, Scotland, UK) for all participants across the 5 
clinical centers. Flow cytometry was performed on fresh peripheral 
blood mononuclear cells (PBMCs) using live-dead stain and antibodies 
against CD3, CD4, CD8, CD19, CD56, CD14, and CD16 (see Supple
mentary Data Section S2) to estimate proportional or percentage counts 
for CD4+ T-cells, CD8+ T-cells, B-cells, CD16hi/bright NK cells, CD56hi/ 

bright NK cells, NK T-cells, intermediate monocytes and classical mono
cytes. The immunophenotyping protocol e.g. sample preparation, 
staining and gating strategy for flow cytometry is detailed in (Lynall 
et al., 2020). Absolute counts for each sub-class of cells were derived by 
multiplying proportional count of each of these sub-classes of lympho
cytes or monocytes (from flow cytometry) with the absolute count of the 
appropriate cell class (from hematology panel). For example, the pro
portional counts of monocyte sub-classes (from cytometry) were 
multiplied by the absolute count of (all) monocytes to estimate the ab
solute counts of intermediate and classical monocyte subclasses from 
hematology panel. Absolute cell counts were used rather than relative 
cell counts (as estimated directly by cytometry) because relative counts 
(reported in percentages or estimated as ratios of an index cell class in 
proportion to other cell classes) are sensitive to variation in both other 
cell classes and denominator (total white blood cell population). Thus, 
changes in relative counts i.e. proportional increase or decrease, are 
more ambiguously interpretable than absolute cell counts. We recog
nized a priori that some classes of immune cells have already been 
implicated in case-control studies of inflammation-related depression. 
Hence, we focused initially on two immune cell classes - neutrophils and 
CD4+ (helper) T-cells - since these are principal effectors of innate and 
adaptive immune responses, respectively (Mantovani et al., 2011; 
Glimcher and Murphy, 2000), and were both significantly increased in 
depression cases as reported in a prior case-control analysis of a larger 
sample drawn from the same study (Lynall et al., 2020). 

We also used binary classification outcomes defined a priori from the 
preceding study (Lynall et al., 2020). Multivariate Gaussian mixture 
modelling and consensus clustering was performed on all absolute cell- 
counts of depression classes to define two subgroups with different im
mune cell profiles (see Supplementary Data Section S2 for further details 
on method). This fitting resulted in assignment of each depression case 
into “high-cell count” or “low-cell count” depression representative 
clusters (Fig. S3). We then used this designation to explore between- 
group difference in functional connectivity in the current smaller sam
ple (see 2.7 Part 2 Methods below). The high-cell count depression 
subgroup had significantly higher concentrations of myeloid cells 
(neutrophils, basophils, eosinophils, and classical monocytes) and NK T- 
cells, and nominally increased counts of lymphoid cells. The high cell 
count group also had significantly increased CRP and nominally 
increased IL-6 concentrations, compared to the low-cell count depres
sion subgroup. Detailed data on absolute cell counts for the low-cell 
count subgroup (N = 20) and the high-cell count subgroup (N = 16) 
are reported in Table S1C. 

2.4. Functional magnetic resonance imaging 

Resting-state fMRI data were acquired using multi-echo (ME) echo
planar imaging (EPI) sequence with: relaxation time (TR) = 2.57 s; echo 
times (TE1, 2, 3) = 15 ms, 34 ms and 54 ms; acquisition time = 10 mins 
42.5 s = 250 time points in each fMRI time series. ME-EPI data were 

collected as 32 slices at − 30 degrees to the AC-PC line with field of view 
= 240 mm and matrix size = 64 × 64, for voxel resolution of 3.75 × 3.75 
× 3.99 mm. The first six volumes were discarded and remaining data 
preprocessed using multi-echo independent component analysis (ME- 
ICA; (Kundu et al., 2012; Kundu et al., 2013) in AFNI. Images were then 
regionally parcellated using a 180 bilateral cortical surface-based atlas 
(Glasser et al., 2016) and 8 bilateral non-cortical regions from Free
Surfer (Fischl et al., 2002; Fischl, 2012), giving 376 regions in total. 
Timeseries were then bandpass filtered at wavelet scales 2 and 3 cor
responding to 0.02–0.1 Hz. The resulting wavelet coefficients were 
correlated pairwise between regions using Pearson’s correlation coeffi
cient to obtain a 376 × 376 symmetric FC matrix for each subject. FC 
matrices were then Fisher r-to-z transformed. Subjects with high degree 
of head motion estimated by framewise displacement, FDmax > 1.3 mm 
and/or FDrms > 0.3 mm, were excluded (N = 4). Additional nuisance 
variables i.e. FDrms, scan site and age were regressed edge-wise from the 
FC matrices (Fig. S4A). 

2.5. Part 1 analyses: Network-based statistics (NBS) and between-group 
difference in network connectivity 

NBS was implemented using the NBS MATLAB Toolbox (Zalesky 
et al., 2010) (Section 4 Supplementary Data). We first performed NBS 
case-control comparison on HC vs hiCRP depression cases. We used one- 
tailed t-tests (HC > hiCRP depression cases) and performed 5000 
random permutations. One-tailed hypothesis testing was justified by 
prior reports of decreased FC associated with inflammation in depres
sion (Felger et al., 2016; Mehta et al., 2018; Yin et al., 2019), and more 
generally with depression (Kaiser et al., 2015; Veer et al., 2010). The test 
statistic threshold was initially set to tprimary = 3.0, corresponding to 
nominal uncorrected P = 0.005, and was reported to yield consistent 
findings across parcellation schemes (Zalesky et al., 2012; Cocchi et al., 
2014). It was then increased by 0.1 step-wise, to retain edges with the 
strongest case-control differences i.e. greatest t-statistics, constituting a 
statistically significant subset of inter-connected nodes. NBS results at 
tprimary = 3.8 are reported here and presented as three-dimensional 
network visualizations using BrainNet Viewer (Xia et al., 2013). This 
case-control difference network was subsequently used as a “mask” for 
Part 2 analyses of the relationships between peripheral immune markers 
and functional connectivity within the group of all depression cases. 

2.6. Modular functional and areal anatomical decomposition of NBS 
network 

To gain more resolution on composition of resultant NBS network, 
predefined Yeo modular (Thomas Yeo et al., 2011) and Glasser 
anatomical areal assignments (Glasser et al., 2016) were used for func
tional and anatomical decomposition, respectively, of constituent brain 
regions (or nodes) within the NBS network. The fine-grained 180 
bilateral cortical parcels (brain regions or nodes) from the Glasser et al. 
(Glasser et al., 2016) (Glasser et al., 2016) atlas were also described 
according to the more coarse-grained 22 anatomical areas reported in 
the original publication (see Supplementary Data Section S3B). Addi
tionally, each parcel (brain region or node) was also assigned to one of 
the 7 functional modules i.e. visual (V), somatomotor (SM), dorsal 
attention (DA), ventral attention (VA), limbic (L), frontoparietal control 
(FP), and default mode network (DMN), as described in Yeo et al. 
(2011), based on its co-localisation with these canonical resting-state 
networks. The remaining 16 subcortical regions defined by FreeSurfer 
were assigned to a subcortical (SC) module. Details of both anatomical 
and functional node-labelling schemes are in Supplementary Data Sec
tion S3B (Fig. S4C-D). 
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2.7. Part 2 analyses: Association within depression cases between 
functional connectivity and blood immune biomarkers 

In the second part of our investigation, we performed continuous 
analyses to examine relationship between functional connectivity and 
four peripheral immune biomarkers (CRP, IL-6, neutrophils and CD4+ T- 
cells) in all depression cases. While the Part 1 analyses were based on 
data from healthy controls and a subset (high CRP) of depression cases, 
the Part 2 analyses were based on data from all depression cases 
(without controls). Hence, the Part 1 and Part 2 samples are partially 
overlapping but not identical, which mitigates the risk of circularity. We 
examined relationship between the two variables firstly at edge-level by 
estimating Pearson’s correlation between functional connectivity of 
each edge within the case-control “mask” defined in Part 1 and each 
immune biomarker. Next, we examined association at network-level by 
estimating average network connectivity (mean across all connections) 
from the “mask” for each depression participant, and then performed 
two-tailed linear regression against each immune biomarker. Addition
ally, for the cellular portion of Part 2 analyses, we also used the case- 
control NBS “mask” for initial categorical FC comparison between the 
“high-cell count” and “low-cell count” depression subgroups. 

2.8. Statistical methods 

Functional connectivity estimated by inter-regional time series cor
relations were normalised by Fisher’s r-to-Z transformation prior to all 
analyses. Effect sizes were also reported using Cohen’s d. Case-control 
and within-group comparisons of FC distributions were estimated 
using two-sample Kolmogorov-Smirnov tests. For Part 1 sensitivity an
alyses, BMI, sex and tobacco consumption (smoking status) were indi
vidually controlled for by (i) regressing each covariate separately on the 
functional connectivity matrices, and (ii) subsequently repeating case- 
control NBS testing on the residualized matrices. Sensitivity analyses 
for Part 2 were performed using hierarchical linear regression to control 
for the additive effects of covariates including sex, BMI and smoking 
status in analysis of the relationship between FC and immune bio
markers within the group of all depression cases (Table S3B-D). More 

details on statistical methods e.g. collinearity diagnostics, and sensi
tivity analyses are provided in Supplementary Data (Section S7 
Table S3A-D; Fig. S6; Fig. S8). 

3. Results 

3.1. Sample characteristics 

After QC procedures, analysable fMRI and CRP data were available 
for N = 129 participants, comprising N = 46 HC, N = 50 loCRP 
depression cases and N = 33 hiCRP depression cases. Sociodemographic 
and clinical variables are summarised in Table 1 (see SA5 for details). 
High CRP depression cases included proportionally more females and 
had higher BMI and more severe depression scores than loCRP depres
sion cases. BMI was also significantly correlated with CRP (r = 0.57, 
PFDR = 0.001) and IL-6 (r = 0.45, PFDR < 0.05). Therefore, sex and BMI 
were included as covariates in NBS testing and subsequent statistical 
modelling (Table S1A-C). Depression cases were not excluded if 
currently prescribed antidepressants and/or pre-specified concomitant 
medication for minor diagnostic comorbidities (see SA4 for details). 
Potential confounding effects of antidepressant and other medication 
and clinical comorbidities were controlled for by sensitivity analyses 
(Table S3B-C). 

Group differences were estimated using Mann–Whitney U test or 
chi–squared test. abody mass index, 1 HC missing data omitted in case- 
control statistical comparison; bHamilton Rating Scale for Depression; 
cBeck’s Depression Inventory (version II); dSnaith-Hamilton Pleasure 
Scale; eChalder Fatigue Scale; fState-Trait Anxiety Inventory; gChildhood 
Trauma Questionnaire; hPerceived Stress Scale; iLife Events Question
naire; jhigh-sensitivity C-reactive protein. Healthy controls (CRP ≤ 3 
mg/L); all depression; all depression cases (CRP 3 – 10 mg/L); loCRP 
depression; low CRP depression cases with CRP ≤ 3 mg/L; hiCRP 
depression; high CRP depression cases with CRP > 3 mg/L; IQR; inter
quartile range (Q3–Q1); †statistical comparison performed using un
paired t-test; *P < 0.05; **P < 0.01; ***P < 0.001. 

Table 1 
Sociodemographic, clinical and serological variables in the analyzable cohort (N = 129).  
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3.2. Case-control network-level differences in FC (Part 1) 

Case-control comparison between hiCRP depression cases and HC, 
using NBS yielded a single network comprising 38 edges (or connec
tions) and 33 nodes (or regions) (one-tailed P = 0.043, Cohen’s d =
0.45) (Fig. 1A). Functional connectivity over all edges in the network 
was less negative in HC (-0.22 < Z < 0.51), than in loCRP depression 
cases (-0.35 < Z < 0.46) and hiCRP depression cases (-0.46 < Z < 0.31) 
(Fig. 1B-C). Distribution of edge-weights was significantly different be
tween hiCRP depression cases vs HC (KS test, P = 1.6 × 10-12 , D = 0.61, 
Cohen’s d = 1.13), loCRP depression cases vs HC (KS test; P = 0.00027, 
D = 0.34, Cohen’s d = 0.47) and hiCRP depression vs loCRP depression 
(KS test; P = 0.00027, D = 0.34, Cohen’s d = 0.61). 

The nodes of this network were mainly located within the insular/ 
frontal opercular and posterior cingulate cortical areas based on the 
Glasser et al. (2016) anatomical area assignment, each assigned to the 
VA and DMN module respectively, based on the Yeo-7 functional 
network assignment (each network referred to as a “module”) (Thomas 
Yeo et al., 2011). Edges between DMN and VA nodes (10/38) were the 
most abundant between-module connections, followed by DMN- 
Somatomotor (8/38) edges (Table S2A-B, Fig. S5A). Topological repre
sentation of the network further confirmed that edges with attenuated 
FC were mainly coupling insular/frontal opercular nodes of the VA 
module, e.g., L_FOP4, and posterior cingulate cortical nodes of the DMN 
module, e.g., L _d23ab and L _31 pv (Fig. 1D; Table S2A). 

To contextualize this network in light of prior literature, we queried 
the BrainMap database (Fox and Lancaster, 2002) to identify fMRI 
studies that showed co-activation for both insula and cingulate cortices. 
The 8 resultant studies (Table S2C) involved subjective perception of 
various stimuli, self-referential and salience processing, all of which are 
interoceptive processes (Damasio and Carvalho, 2013). When case- 
control analysis by NBS was repeated after controlling for potentially 
confounding covariates by prior regression on the functional connec
tivity matrices, there were no significant differences identified after 
controlling for BMI or sex. But the pattern of case-control difference was 
substantially unchanged after controlling for smoking status (Fig. S5B). 

3.3. Association between FC and inflammatory proteins in depression 
(Part 2) 

We next examined the relationships between inflammatory proteins 
and edge-wise FC within the mask defined by the case-control analysis 
(HC vs hiCRP depression cases NBS testing), for all depression cases. 
Both IL-6 (-0.49 < r < 0) and CRP (-0.48 < r < 0) were negatively 
correlated with functional connectivity of edges within the network 
(Fig. 2A, first column). When testing each edge separately for associa
tion with each protein, while controlling for multiple comparisons with 
FDR = 5%, 21 edges were significantly negatively correlated with CRP 
and 6 edges with IL-6 (Fig. 2A, second and third columns; Table S3A). 
The 6 edges negatively correlated with IL-6 were a subset of the 21 edges 
significantly negatively correlated with CRP and were the previously 
highlighted DMN-VA intermodular edges which were anatomically 
localised between insular/frontal opercular and PCC (Fig. 2B). 

We then averaged FC over all edges within the case-control mask to 
investigate how individual differences in mean FC within this network 
were related to inflammation. Average network connectivity was 
negatively correlated with CRP (r = -0.41, P = 0.00008) and IL-6 (r=
-0.36, P = 0.0013) (Fig. 2A, fourth column; Table S3B-C). These asso
ciations remained significant after adjusting for sex and BMI (Table S3B- 
C). We also performed an additional sensitivity analysis to test the 
robustness of these relationships to the choice of NBS threshold (tprimary 
= 3.8). The correlation was robust across three other primary thresholds 
(tprimary = 3.1, 3.3, 3.5) (Fig. S6A-B). 

3.4. Association between FC and cellular markers in depression (Part 2) 

Analyzable cell count data were available on N = 36 depression 
cases, where neutrophils were significantly correlated with CRP (r =
0.57, PFDR < 0.001) and IL-6 (r = 0.47, PFDR < 0.05) (Fig. 3A, Table S1B). 
Neutrophils were also negatively correlated (-0.41 < r < 0) with func
tional connectivity of individual edges within case-control network 
mask, although none demonstrated significant association after FDR 
correction. Neutrophils scaled negatively (r = -0.34, P = 0.025, PFDR =

0.05) against average network connectivity (Fig. S7; Table S3C). We 
observed a similar negative association for CD4+ T-cells, although not 
significant (Fig. S7). Specificity analyses on the remaining 10 classes of 
immune cells revealed a negative trend towards significance in CD56hi/ 

bright natural killer cells (Fig. S8). 
We finally investigated differences in FC within the case-control 

mask between the cell-stratified subgroups of depression cases. 
Corroborating previous findings on a larger sample, the subset of high- 
cell count (N = 16) and low-cell count (N = 20) depression groups 
also differed significantly in CRP, neutrophils, basophils, eosinophils, 
classical monocytes and NK T-cells (Table S1C). The high-cell count 
depression subgroup had significantly lower edge-wise distribution of 
FC than the low-cell count depression subgroup in the case-control 
network mask (KS test, P = 2.2 × 10-16 , D = 0.11, Cohen’s d = 0.12) 
(Fig. 3B). Consistent with previous observations, negative edges were 
again concentrated between DMN-VA modules, with identical edges 
showing greatest negative correlation (Fig. 3C). 

4. Discussion 

As predicted by our first hypothesis, we found a network of inter
connected edges with significantly reduced functional connectivity in 
depression cases with heightened peripheral inflammation (CRP > 3 
mg/L) compared to healthy controls. This NBS-derived case-control 
network comprised edges localized primarily to connections between 
DMN and VA functional modules, linking the left insular/frontal- 
opercular and left posterior cingulate cortical regions anatomically. 
Group comparison of connectivity within this case-control network 
mask revealed a hierarchical increase in FC attenuation, with HC 
showing least impairment, followed by loCRP depression cases, and then 
hiCRP depression cases. These NBS findings corroborate and extend 
outcomes from our earlier study which analysed between-group FC 
differences on the same dataset (Kitzbichler et al., 2020). 

Next, as predicted by our second hypothesis, we demonstrated 
negative scaling between CRP, IL-6, neutrophils and average network 
connectivity, within the depression cases only. Our analyses using cell- 
stratified assignments into low- and high-cell count subgroups of 
depression, corroborated this observation in that more negative con
nections were noted in high-cell count compared to low-cell count 
subgroups, implicating identical connections to those stratified by CRP i. 
e. between insular/frontal opercular cortex and posterior cingulate 
cortex. 

4.1. Interoceptive network dysfunction in inflammation-linked depression 

More broadly, these results were consistent with evidence suggesting 
interoceptive dysfunction in inflammation-linked depression (Savitz and 
Harrison, 2018; Khalsa et al., 2018). Interoception is the perception of 
bodily physiological states - such as cardiovascular, gastrointestinal and 
immune systems - that has been deemed an important source of 
emotional experience (Craig, 2002). Interoceptive signalling i.e. the 
ability to “feel” what is happening within the body, is critical for 
emotional regulation, bodily homeostatic functioning and survival 
(Craig, 2002). In MDD, interoceptive dysfunction has been associated 
with reduced emotional experience i.e. “feeling nothing”, alexithymia 
and anhedonia (Quadt et al., 2018). In inflammation-linked depression 
specifically, the interoceptive model provides some mechanistic insight 
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Fig. 1. Network-based case-control differences in functional connectivity. (A) Network of case-control differences in functional connectivity (HC vs hiCRP depression 
cases) identified by Network Based Statistics (NBS). A network comprising 38 edges or connections, between 33 nodes or regions, was generated by testing a one- 
tailed hypothesis, i.e. HC > hiCRP cases, and reported here at the highest primary threshold, tprimary = 3.8, at which a significant (P < 0.05) network was identifiable. 
Nodes (balls) are colour-coded according to their assignment to the 7 functional modules previously defined by Yeo et al. (2011) (Thomas Yeo et al., 2011). 
Anatomically, these connections mainly linked the insular/frontal-operculum and posterior cingulate cortical regions as defined by Glasser et al. (2016) anatomical 
area assignment, with constituent pairs of nodes also being assigned, respectively, to the default mode network (dark orange balls) and ventral attention (cyan balls) 
functional network (see Supplementary Data Section S3B). (B) Group-averaged functional connectivity across this case-control network, plotted for each group. Edges 
(sticks) are colour coded according to the sign and strength of functional connectivity (FC). Across HC, loCRP cases and hiCRP cases, reduced FC was observed (more 
blue connections or edges). (C) Distribution of edge-weights (or correlations) within the HC vs hiCRP cases NBS network per group. (D) Negatively-weighted edges 
within the HC vs hiCRP cases NBS network across groups, visualized in topological space via radial network diagram. The outer track is divided into sectors, each 
denoting a cortical node within the NBS network, labelled according to the nomenclature of the Glasser et al. (2016) cortical parcellation and coloured according to 
its assignment to one of 7 functional networks or modules as defined by Yeo et al., (2011) (Thomas Yeo et al., 2011) . Width of the sector denotes approximate 
weighted nodal degree (or number of connections per node / region) i.e. the greater the number of attenuated connections, the longer the sector. Thickness and 
colour of links denote the strength of functional connectivity (FC), where edges with more negative FC have thicker and bluer links. Links within each sector are 
ordered clockwise with increasing FC. Across HC, loCRP cases and hiCRP cases, increases in both number and weight of negative edges were observed, especially 
between nodes located in insula/frontal opercular cortex and functionally assigned to the ventral attention module, e.g., L_FOP4, and nodes located in the posterior 
cingulate cortex and assigned to the default mode network e.g., L_d23ab, L_31pv. Abbreviations are as follows: dorsal attn – dorsal attention network; ventral attn – 
ventral attention network; DMN – default mode network; ftp control – frontoparietal control network. Highlighted brain regions or nodes in panel D : L_FOP4 – left 
frontal opercular area 4 (anatomical area = insula/frontal operculum; functional module = ventral attention); L_FOP1 – left frontal opercular area 1 (insula/frontal 
operculum; ventral attention); L/R_d23ab – left/right area dorsal 23 a + b (posterior cingulate cortex; default mode); L_31pv – left area 31pv (posterior cingulate 
cortex; default mode); L_STSvp – left area STSv posterior (dorsolateral prefrontal cortex; default mode); L_MI – left middle insular area (insula/frontal operculum; 
ventral attention); L_PF – area PF complex (insula/frontal operculum; ventral attention); L_33pr – left area 33 prime (insula/frontal operculum; ventral attention); 
L_6r – rostral area 6 (premotor cortex; ventral attention); L_ POS1 – left parieto-occipital sulcus area 1(posterior cingulate cortex; default mode); L_9a – left area 9 
anterior (dorsolateral prefrontal cortex; default mode); L_PF – left mid insula (insula/frontal operculum; ventral attention); R_8Ad – right area 8Ad (dorsolateral 
prefrontal cortex; default mode); R_RSC – right retrosplenial complex (posterior cingulate cortex; default mode). all depression – all depression cases; loCRP 
depression – low CRP depression cases; hiCRP depression – high CRP depression cases. (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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by positing a role for bidirectional brain immune-signalling via neural 
pathways (predominantly the vagus nerve), that underpins communi
cation of peripheral immune states to the brain and vice versa (Miller 
and Raison, 2016; Savitz and Harrison, 2018). Collectively described as 
the “interoceptive nervous system” (INS), the INS is thought to relay 
afferent vagal information from the medulla, to a brain system anchored 

in the insular, frontal opercular, cingulate and somatomotor cortices 
(Fischl et al., 2002; Zalesky et al., 2010; Zalesky et al., 2012; Cocchi 
et al., 2014; Xia et al., 2013). Regions within the INS are largely native to 
two canonical functional networks, namely the DMN and VA (also 
known as the salience network or cingulo-opercular network) (Kraynak 
et al., 2018; Critchley et al., 2004; Harshaw, 2015; Kleckner et al., 2017; 

Fig. 2. Functional connectivity associations with inflammatory proteins in depression. (A) First column: edge-wise functional connectivity (FC) within the case- 
control network mask was mainly negatively correlated with CRP (N = 83 cases) and IL-6 (N = 72 cases). Edges (sticks) are colour coded according to the sign 
and strength of correlation (Pearson’s r) between edge functional connectivity and inflammatory proteins, e.g., edges more negatively correlated with CRP (or IL-6) 
are darker green. Nodes (balls) are colour-coded according to their assignment to the 7 functional modules previously defined by Yeo et al., (2011) (Thomas Yeo 
et al., 2011). Second and third columns: a subset of edges had functional connectivity significantly correlated with inflammatory protein concentrations (FDR < 5%). 
Fourth column: scatterplots of the continuous relationships between average network connectivity and blood concentrations of CRP and IL-6 with the best-fitting 
regression lines shown with 95% confidence intervals band. (B) Topological representation of edges where FC was significantly (negatively) correlated with both 
CRP and IL-6 (each at FDR 5%). Strength of correlation between edge-wise FC and blood concentrations of CRP and IL-6 are denoted by intensity of blue colouration 
and link thickness. The formatting and labelling of these radial network diagrams are otherwise identical to Fig. 1D; see Fig. 1 legend for details. hiCRP MDD – high 
CRP depression cases; loCRP MDD – low CRP depression cases. (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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Critchley et al., 2003). We therefore interpreted our NBS-derived case- 
control network of attenuated FC in inflammation-linked depression, as 
indicative of disrupted function of the INS. 

The concept of dysconnectivity (or disrupted connectivity) in intero
ceptive systems has been previously evidenced by human experimental 
models of inflammation-linked depression i.e. “sickness behaviour” 
following immune challenge (Kraynak et al., 2018). In particular, 
Dipasquale et al. (Dipasquale et al., 2016) applied NBS to investigate FC 
differences pre- and post-IFNα therapy in hepatitis-C positive partici
pants (Dipasquale et al., 2016). This study identified a similar network 
comprising bilateral insula, frontal cortical and subcortical regions, 
showing reduced FC 4-hours after IFNα administration in participants. 
Interoceptive signalling has also been described to show domain speci
ficity and hierarchical processing. Thus, higher-level neural processing 
of interoceptive signals could vary between afferent signal types e.g. 
affective (emotion), visceral physiology (immune, cardiac) or nocicep
tive (pain) inputs (Khalsa et al., 2018; Mai et al., 2019). As such, sub
systems of the INS may exist. For example, interoception has also been 
linked to motivational circuit and could modulate reward sensitivity and 
hedonic sensing (Harrison et al., 2016; Critchley and Garfinkel, 2017). 
Attenuation within the corticostriatal and cortico-amygdalar pathways 
of the reward system has been reported with increased CRP in MDD 
(Sheline et al., 2009; Hamilton et al., 2015). A different study on the 
same dataset using PBNA (parcellation-based network-analysis) – a 
connectome-based technique similar to NBS (but using Bayesian multi
level modelling) – also demonstrated that increased CRP was again 
associated with decreased FC between a seeded region of ventromedial 
prefrontal cortical cluster and a network of cortical areas comprising 
classic INS regions e.g. insula and cingulate cortex (Yin et al., 2019). 
These prior reports are broadly convergent with our suggestion that 
“inflammation-sensitive” brain regions such as the insula and striatum 
are likely embedded within a subsystem of the INS that is critical for 
parsing immune and affective signals. 

4.2. Interoceptive immune-sensing dysfunction in inflammation-linked 
depression 

Findings from our secondary analyses, although less precedented, 
were also consistent with prior evidence. The negative scaling of FC 
against blood inflammatory markers corroborated reports from clinical 
MDD and population studies using a priori defined regions for functional 
connectivity analyses. For example, heightened peripheral CRP, IL-6, IL- 
1β and IL-1Ra all negatively covaried with vmPFC-striatal and cortico- 
amygdalar FC in MDD cases (Felger et al., 2016; Mehta et al., 2018). 
A population-based investigation then showed similar patterns of find
ings in that FC within an emotional regulation network negatively scaled 
with increasing inflammation composite score (aggregate of CRP, IL-6, 
IL-10 and TNFα) and classical monocytes (Nusslock et al., 2019). 

In addition to CRP and IL-6, our investigation of the relationship 
between absolute immune cell counts and FC showed further evidence 
for innate immune system involvement as the high-cell count depression 
subgroup had increased leukocytes of myeloid origin, especially neu
trophils (Table S1C), and we noted significant negative scaling between 
neutrophil counts and FC. Nonetheless, it would be biased and perhaps 
premature to assert at this stage that only the innate immune system is 
central to the pathoetiology of inflammation-linked depression. 
Although neutrophils are widely accepted as primary effectors of the 
innate immune system and acute inflammation, these cells are not 
functionally exclusive to the innate immune system. Neutrophils engage 
heavily in immune cross-talk with resident cells of the adaptive immune 
system, particularly CD4+ T-cells, where mutual modulation of function 
occurs (Mantovani et al., 2011). For example, neutrophils are able to 
induce activation and promote differentiation of naïve CD4+ T-cells. 
Reciprocally, regulatory T-cells produce cytokines promoting survival of 
neutrophils, that otherwise undergo frequent spontaneous apoptosis to 
facilitate normal cell turnover (Kalyan and Kabelitz, 2014; Li et al., 
2019). We also noted from our specificity analyses that CD56hi/bright 

Fig. 3. Functional connectivity differ
ences between high-cell count and low- 
cell count subgroups of depression. (A) 
Correlation matrix highlighting signifi
cant correlations between inflammatory 
proteins, absolute cell-counts and clin
ical variables thresholded at P < 0.05 
(N = 36 cases). (B) Group-averaged 
representation of functional connectiv
ity within the NBS-derived case-control 
network mask for low-cell count and 
high-cell count subgroups of depression 
cases. These subgroup assignments were 
defined a priori following a Gaussian 
mixture model-based clustering analysis 
of absolute cell counts (12 immune cell 
classes) conducted in a previous study 
on a larger sample. Briefly, the high-cell 
count depression subgroup had 
increased absolute cell counts of neu
trophils and other myeloid cells, and 
increased CRP compared to the low-cell 
count depression subgroup (see Supple
mentary Data Table S1C). (C) 
Negatively-weighted edges within the 
network mask for high-cell count and 
low-cell count subgroups represented in 
topological space. The high-cell count 
subgroup show a greater number of 
more attenuated edges, denoted by 
thicker and bluer links. The formatting 
and labelling of these radial network 
diagrams are identical to Fig. 1D; see 
Fig. 1 legend for details.   
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natural killer (NK) cells showed an identical (but not significant) pattern 
of association with FC (Fig. S8). CD56hi/bright NK cells are one of the key 
effector cells of the innate immune system, although of lymphoid origin 
and typically reside in lymph nodes where they have been reported to 
interact with CD4+ T-cells via cytokine signalling (Fehniger et al., 2003; 
Vivier et al., 2008; Poli et al., 2009; Gabrielli et al., 2016). Thus, it is 
plausible that NK cells (and other immune cell classes besides neutro
phils and CD4+ T cells) may be associated with changes in brain func
tional connectivity in inflammation-related depression. Future studies 
with larger sample size may be expected to detect these associations 
more powerfully. 

In the context of inflammation-linked depression, our findings sug
gest that the brain-immune relationship involves interoceptive immune- 
sensing or perception of internal immune state by the brain. This 
proposition is consistent with evidence supporting the “immunological 
homunculus” (Tracey, 2007; Diamond and Tracey, 2011; Schiller et al., 
2021) – the concept that discrete neural networks coordinate compo
nents of the peripheral immune system via the cholinergic anti- 
inflammatory pathway, and rostro-caudal functional gradients exhibi
ted by the insula. In the human interoceptive model, the posterior, 
middle and anterior parts of the insular cortex are thought to play 
different roles. Lower-level (peripheral) sensory information is firstly 
encoded in the posterior insula, before being represented in the mid- 
insula where convergent signals, e.g. hedonic/motivational signals to 
ascribe salience, are integrated with other sensory brain regions. This 
information is then relayed to the anterior insula, where in conjunction 
with cingulate cortex, behavioural responses and emotional changes are 
elicited (Craig, 2002; (Bud) Craig, 2009; Craig, 2009). Thus the poste
rior insula may be viewed as the immune sensory cortex, whereas the 
anterior insula is linked to higher-order emotion regulation, such as 
subjective feeling states of “sickness” and/or “sadness”, and related 
depressive states such as anhedonia (Namkung et al., 2017; Lekander 
et al., 2016). Hence, we interpreted our observations as evidence of 
dysconnectivity within the INS associated with impairment of immune- 
sensing and effects on mood regulation in depression. 

4.3. Strengths and limitations 

A strength of our study was the use of NBS for whole-brain analysis of 
FC abnormalities in inflammation-linked depression. Comparable prior 
studies have generally used a priori defined brain regions and canonical 
functional networks to ascertain FC alterations. In contrast, NBS allowed 
us to perform an unbiased whole-brain investigation beyond the con
straints of canonical functional networks, which is a more robust 
approach to mapping effects of inflammation in depression, as networks, 
clusters and circuits within the brain are more likely to be affected than 
single isolated connections or regions. Additionally, we used the Glasser 
parcellation which is currently the highest definition parcellation 
scheme for the insular-opercular region, delineating 13 insular/frontal- 
opercular subdivisions on the basis of a combination of features derived 
from multiple imaging modalities (Uddin et al., 2017). Our study also 
presents FC associations with immune cell markers, that have not been 
widely considered in its relationship to brain functional connectivity, 
compared to inflammatory proteins such as CRP and IL-6. 

An important limitation of our study is the lack of high CRP (>3mg/ 
L) controls. In future, it will be important also to analyse differences 
between depression cases and non-depression controls, with CRP levels 
allowed to exceed the 3 mg/L cut-off in both groups, to determine if 
functional connectivity of the interoceptive network is correlated with 
peripheral inflammation in a non-depression population, e.g., using 
population derived data such as the UK Biobank cohort. It is also 
important to clarify that although we interpreted our results in relation 
to prior knowledge of interoceptive systems, we are not asserting that 
the brain regions identified by the NBS analysis of hiCRP case-control 
differences are linked exclusively to interoception. Several studies 
have highlighted the anterior insula as part of a “multiple-demand” 

system or network (Dosenbach et al., 2006; Nelson et al., 2010; Simmons 
et al., 2013) and, together with the anterior cingulate and frontal cortex, 
the insula/operculum has been posited to form a “core” task-dependent 
brain network responsible for encoding error signals and sustaining 
attentional control (Dosenbach et al., 2006). Therefore, more work is 
needed to strengthen our claim regarding the sensitivity of interoceptive 
networks to peripheral inflammatory signals, as suggested by these data. 

Although the sample size was consistent with many prior studies, it 
was somewhat underpowered to detect subtle associations between FC 
and peripheral inflammation. Sampling bias was evident in terms of a 
greater proportion of females, particularly in the hiCRP depression 
subgroup, although the cases (overall) and controls were prospectively 
matched for age and sex. Unsurprisingly in this context, case-control 
differences were not significant in the Part 1 sensitivity analyses that 
controlled for sex and BMI by prior regression of these covariates on the 
FC matrices before NBS analysis (Fig. S5B). However, the impact of 
controlling for sex or BMI was less marked in the Part 2 sensitivity an
alyses. All significant relationships between FC and immune biomarkers 
within the group of all depression cases were conserved, albeit with 
smaller effect sizes, when sex was included as a covariate in the linear 
model (Table S3B-D), or when within-group analysis was restricted to 
female cases only (Fig. S6B). 

Fundamentally, in a cross-sectional design like this, it is difficult to 
disentangle the potential moderating or confounding effects of adiposity 
on inflammation and functional connectivity related to depression. 
Ideally, this will require further investigation with longitudinal designs 
and non-depression control groups representing a wider range of vari
ation in BMI and inflammatory biomarkers. It is well known that BMI is 
positively correlated with CRP, as it was in these data (r = 0.47). 
However, it is not so clear how BMI should be handled statistically in 
analysis of the relationships between depression, functional connectiv
ity, and CRP or other inflammatory biomarkers. Depression is associated 
with higher BMI and, indeed, obesity has been regarded as an aspect of 
the atypical depression syndrome characterized by hyperphagia and 
increased risk of metabolic disorders (Milaneschi et al., 2020; Lamers 
et al., 2020). On this assumption i.e. BMI is an integral part of the 
depressive phenotype, then it should not be controlled for statistically in 
the analysis of depression-related differences in functional connectivity, 
which is the principal analytic approach we adopted for both parts of 
this investigation. However, the contrary view is that BMI is a con
founding variable, rather than integral to depression, and it should be 
statistically controlled as a “nuisance covariate”, which is the approach 
we adopted for the sensitivity analyses in Parts 1 and 2. We found that 
the within-group analyses of association between inflammatory bio
markers and functional connectivity remained significant after con
trolling for BMI; whereas the between-group analysis of FC differences 
between hiCRP depression cases and healthy controls was more sensitive 
to statistical correction for BMI. In short, our findings do show some 
support for an “immunometabolic” subtype of depression (or atypical 
depression) (Milaneschi et al., 2020; Lamers et al., 2020) that comprises 
metabolic and immune dysregulation e.g. obesity and heightened pe
ripheral inflammation as part of the clinical symptomatology. 

In relation to immune biomarkers, we note that we only had access to 
data on one cytokine (IL-6) for the purpose of this analysis. Although IL- 
6 has been widely implicated in previous studies of depression, we 
cannot conclude that it is the only cytokine associated with changes in 
brain functional connectivity. It will be important to include a wider 
range of cytokines in future fMRI studies of inflammation-related 
depression. Finally, we also note that our observations were based on 
cross-sectional investigation (and not longitudinal), limiting causal 
interpretation at present. 

5. Conclusions 

While the relevance of interoception to inflammation-linked 
depression has been previously discussed, this study provides direct 
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evidence for an association between increased protein and cellular 
biomarkers of inflammation, and decreased functional connectivity in 
an interoceptive brain network identified by whole-brain analysis in a 
depression sample. These results point towards a putative etiological 
model of inflammation-linked depression, where peripheral inflamma
tion is linked to dysconnectivity of a brain network specialised in pe
ripheral immune sensing and emotion regulation. 
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