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A B S T R A C T   

Background: Deficits in facial emotion recognition are a core feature of schizophrenia and predictive of functional 
outcome. Higher plasma levels of the cytokine interleukin 6 (IL-6) have recently been associated with poorer 
facial emotion recognition in individuals with schizophrenia and healthy participants, but the neural mecha-
nisms affected remain poorly understood. 
Methods: Forty-nine individuals with schizophrenia or schizoaffective disorder and 158 healthy participants were 
imaged using functional magnetic resonance imaging during a dynamic facial emotion recognition task. Plasma 
IL-6 was measured from blood samples taken outside the scanner. Multiple regression was used in statistical 
parametric mapping software to test whether higher plasma IL-6 predicted increased neural response during task 
performance. 
Results: Higher plasma IL-6 predicted increased bilateral medial prefrontal response during neutral face pro-
cessing compared to angry face processing in the total sample (N = 207, tmax = 5.67) and increased left insula 
response during angry face processing compared to neutral face processing (N = 207, tmax = 4.40) (p < 0.05, 
family-wise error corrected across the whole brain at the cluster level). 
Conclusions: These findings suggest that higher peripheral IL-6 levels predict altered neural response within brain 
regions involved in social cognition and emotion during facial emotion recognition. This is consistent with recent 
neuroimaging research on IL-6 and suggesting a possible neural mechanism by which this cytokine might affect 
facial emotion recognition accuracy.   

1. Introduction 

Schizophrenia (SZ) is a debilitating neuropsychiatric disorder that 

encompasses positive and negative symptoms, significant neuropsy-
chological impairments, and poor social and occupational functioning. 
Among the range of cognitive deficits presented, deficits in social 
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cognition (i.e., the mental operations underlying social behaviour) 
strongly predict disability, as measured in terms of both social and 
occupational functioning, both in early and chronic illness (Cowman 
et al., 2021; Fett et al., 2011). Social cognitive deficits measured in SZ 
typically include emotion recognition, theory of mind, and attributional 
style, with impaired recognition of facial expressions and facial emotion 
processing from faces amongst the most frequently reported findings 
(Behere, 2015). 

Visual processing of dynamic faces (e.g., using the dynamic face 
processing task (Grosbras and Paus, 2006) is consistently associated 
with activation of many cortical regions, which have since been parsed 
into a “a core system”, including the fusiform face area (FFA), posterior 
superior temporal sulcus (STS), and occipital face area, and an 
“extended system” involving other cortical regions implicated in the 
emotional processing of faces (Haxby et al., 2000; Pitcher et al., 2014). 
Of these, deficits in processing of emotional content from faces in SZ 
have been consistently associated with altered activation of the anterior 
cingulate cortex (ACC) (e.g., during processing of negative emotion and 
social threat stimuli (Habel et al., 2010; Mothersill et al., 2014) and the 
medial prefrontal cortex (mPFC) (e.g., during the processing of angry 
faces (Mothersill et al., 2014). One interpretation of these findings is that 
they reflect more general alterations in functioning of the default mode 
network (DMN) - an interconnected network of brain regions important 
for social cognitive processes (Li et al., 2014), including facial emotion 
recognition (Shi et al., 2015; Spies et al., 2017). Typically, the DMN is 
associated with increased activation at rest and deactivation during a 
cognitive task (Anticevic et al., 2012). Disruption to the DMN is 
consistently reported in SZ in terms of increased activation/weaker 
suppression of this network during cognitive tasks (Fornito et al., 2012; 
Zhou et al., 2016). 

While the biological causes for altered neural activation during social 
cognitive task performance are unclear, one hypothesis is that these 
neural effects are mediated by dysregulation of the immune system 
(Aruldass et al., 2021; Eisenberger et al., 2009; Nusslock et al., 2019; 
Müller, 2013; Müller, 2014; Müller et al., 2015). Like other neuropsy-
chiatric disorders (e.g., depression), elevated pro-inflammatory states 
have been observed in SZ (Müller, 2013; Müller, 2014; Müller et al., 
2015), suggesting an association between immune dysregulation and SZ 
psychopathology (Feng et al., 2020). Of these immune markers, altered 
levels of the pro-inflammatory cytokine interleukin 6 (IL-6) has been 
consistently reported in schizophrenia, with a reduction in IL-6 levels 
associated with successful treatment with the antipsychotic risperidone 
(Feng et al., 2020). As evidence that these changes in immune signalling 
pre-exist illness onset, longitudinal data show that elevated serum IL-6 
in childhood predicted increased illness risk in adulthood (Upthegrove 
and Khandaker, 2020), suggest a potential causal role for IL-6 in 
schizophrenia pathophysiology that is further supported by mendelian 
randomization studies of IL-6 (Upthegrove and Khandaker, 2020). 

Recent social cognitive studies from our group have found associa-
tions with immune function both at the level of genetic variation and 
with IL-6 cytokine levels. Studies of genetic variation within individual 
SZ-associated genes (e.g., C4A; (Khandaker et al., 2017) and biological 
pathways (e.g., Complement) have been associated with variation in 
cognitive function (Donohoe et al., 2018; Holland et al., 2019; Mondelli 
et al., 2020; Sekar et al., 2016); we have shown that these genetic var-
iants also predicted altered middle temporal gyrus response in healthy 
controls using a dynamic face processing task (Donohoe et al., 2018). In 
recent studies of childhood trauma and emotion recognition, we further 
found evidence that the effects of childhood neglect on behavioural 
measures of emotion recognition were mediated via activity of the 
default mode network (Dauvermann et al., 2021), and subsequently, 
that these mediating effects were in turn mediated by IL-6 (King et al., in 
press). 

1.1. Aims and hypothesis 

The purpose of this study was to investigate the role of increased 
levels of plasma IL-6 levels and activation during a face processing task. 
Identifying brain regions associated with immune dysfunction during a 
faces task is important for better understanding the neurobiological 
basis of social cognitive function in healthy individuals and in disorders 
characterised by deficits in social cognition. We used the dynamic face 
processing task designed by Grosbras and Paus (Grosbras and Paus, 
2006) to examine neural activation during passive viewing of dynamic 
angry and neutral faces in patients and healthy controls. Based on the 
literature reviewed above for both SZ and healthy participants, we 
formulated the following hypotheses: Firstly, given our recent obser-
vation that higher plasma IL-6 levels were associated with reduced 
behavioural performance on facial emotion recognition, we hypoth-
esised that increased plasma IL-6 levels would predict altered neural 
response during a facial emotion recognition task. Following on from 
our recent studies in the same sample, on childhood trauma and emotion 
recognition highlighted above (Dauvermann et al., 2021; King et al., in 
press), we secondly hypothesised that the observed effects would be 
comparable i.e., across patients and controls, thus representing more a 
general neurobiological process rather than a pathology specific effect. 

2. Material and methods 

2.1. Participants 

Two hundred and thirty-one participants took part in the study 
overall. Fifty-three individuals with schizophrenia (SZ) or schizo-
affective disorder were recruited across Galway and Dublin through 
community mental health services. All patients (SZ and schizoaffective 
disorder) had a diagnosis confirmed by the Structured Clinical Interview 
for Diagnostic Statistical Manual-IV. All participants were aged between 
18 and 65, and no participants had a documented history of neurological 
disorder, comorbid axis I mental health disorder, intelligence quotient 
(IQ) <70, previous head injury associated with a loss of consciousness of 
more than 60 s, evidence of substance use disorder in the previous 
month or reported pregnancy. 

One hundred and seventy-eight healthy control participants were 
recruited using media advertising from Galway and Dublin. In addition 
to the exclusion criteria outlined above, healthy controls also met the 
criteria of not having a substance use disorder in the previous six 
months, first-degree relative with a psychotic disorder, or substance 
abuse in the previous six months. Twelve healthy controls were excluded 
due to excessive signal dropout in the functional MRI images, and five 
healthy controls were excluded due to missing logfiles, and/or problems 
with the timing of stimuli when the Paus Emotion Recognition Task 
(ERT) was run. This resulted in a final sample of 53 patients and 161 
healthy controls with fMRI facial emotion recognition data. Within this 
sample, 49 patients and 158 controls had plasma IL-6 data. Within the 
final patient sample with plasma IL-6 data, 35 patients had a diagnosis of 
schizophrenia, and 14 patients had a diagnosis of schizoaffective 
disorder. 

All participants provided written informed consent in accordance 
with the local Ethics Committees of Galway University Hospital, Na-
tional University of Ireland Galway, and St. James’s Hospital. 

2.2. Paus emotion recognition test 

During functional MRI, participants completed the Paus Emotion 
Recognition Test (Grosbras and Paus, 2006), which we have previously 
used to examine emotion recognition in SZ (Mothersill et al., 2014) as 
well as the relationship between variation in the expression of the 
immune-related complement component 4A and face processing in 
healthy volunteers (Donohoe et al., 2018). In this cognitive task, par-
ticipants watched a series of 2–5 s black-and-white videos of people 
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displaying neutral or angry facial expressions. An additional control 
condition involved watching expanding and contracting concentric 
circles. In this block-design task, there were 19 blocks, each of which 
lasted 18 s and included 4 to 7 videos: nine blocks of circles, five blocks 
of neutral faces and five blocks of angry faces. Participants also 
completed a post-scan face recognition task outside the scanner to 
examine attention to the task. 

2.3. Plasma isolation and analysis 

Plasma Isolation & Analysis was carried out as described in (King 
et al., in press) but in brief: Blood samples were taken at approximately 
the same time of day (9.30 am) from each participant in a 6 ml EDTA 
tube (BD367873). The sample was centrifuged at 1200g for 10 min at 
ambient temperature. Following centrifugation, plasma was aspirated 
and stored in 1.5 ml Eppendorf tubes at − 80 ◦C until further analysis. 
Basal plasma levels of IL-6 were measured using a quantikine high 
sensitivity enzyme-linked immunosorbent assay (ELISA) (Bio-Techne 
Catalog Number HS600C) which has an assay sensitivity of 0.09 pg/mL 
and range of 0.156–10 pg/mL and read at 450 nm. 

2.4. Neuroimaging data acquisition 

Neuroimaging was carried out on a 3 Tesla Philips Achieva MR 
system (Philips Medical Systems, Best, The Netherlands) which was 
equipped with a gradient strength of 80 mT/m and a slew rate of 200 T/ 
m/s using a 32-channel head coil. Neuroimaging was carried out at the 
Centre for Advanced Medical Imaging (CAMI), St. James’s Hospital, 
Dublin, Ireland. 

High resolution T1-weighted images were obtained as described 
previously (Dauvermann et al., 2021). Functional MRI data were ac-
quired during the Faces task using a SE-EPI sequence with a dynamic 
scan time of 2 s, with: FOV = 240 × 240 × 131 mm, REC voxel MPS 
(mm) = 3 × 3 × 3.2, 37 slices with interslice gap = 0.349999905 mm, 
TR/TE = 2000/28 ms, and flip angle = 90◦. For the Faces task, 174 
volumes were acquired, taking 5 min and 55.9 s. 

2.5. Neuroimaging data analysis 

MRI data were processed using Statistical Parametric Mapping soft-
ware (SPM12, v7771, https://www.fil.ion.ucl.ac.uk/spm/software/ 
spm12/) (Ashburner et al., 2014) and MATLAB R2019b 64-bit 
(v9.7.0.1296695), running on a Dell Optiplex 5040 PC running Micro-
soft Windows 7. Functional MRI spatial pre-processing included the 
following steps:  

1. Realignment to reduce the confounding effects of motion and re- 
slicing applied to the mean functional image (Friston et al., 1996).  

2. Co-registration between the re-sliced mean functional image and the 
T1 image.  

3. Estimation of the normalisation parameters between the T1 image 
and the standard SPM12 template and application of these parame-
ters to the functional images, resampled with a voxel size of 2 × 2 ×
2 mm3 (Ashburner and Friston, 2005).  

4. Smoothing of the normalised functional images with an 8 mm full- 
width half maximum Gaussian kernel (Friston et al., 1995; Friston 
et al., 1995). 

Artefact detection was performed on pre-processed data using the 
Artefact Detection Tools (ART) toolbox (https://www.nitrc.org/projec 
ts/artifact_detect/). Pre-processed images that showed variations in 
global mean intensity greater than 3 standard deviations, and/or com-
posite motion greater than 1 mm were considered outliers and entered 
as covariates in the first-level model for each participant (Whitfield- 
Gabrieli, S., personal correspondence). 

Statistical analysis of functional MRI data was performed using the 

general linear model (Friston et al., 1994) and using the following 
contrasts:  

1. All faces (neutral and angry) versus the non-face control condition 
(circles)  

2. Neutral faces versus angry faces  
3. Angry faces versus neutral faces 

Contrast maps generated by these analyses were entered into random 
effects analysis to examine (a) differences in neural response between 
cases and controls (independent samples t-test) and (b) whether higher 
plasma IL-6 predicted increased neural response (multiple regression). 
Before random effects analysis was carried out, differences in de-
mographic variables between cases and controls and correlations be-
tween plasma IL-6 and demographic variables were examined in IBM 
SPSS Statistics Version 26. 

BMI was only available for 205 of the 214 participants– thus, mean 
BMI for the whole sample (25.97) was inputted in place of the nine 
missing BMI values so that BMI could be included as a covariate in the 
independent samples t-test comparing neural response between cases 
and controls. Similarly, plasma IL-6 data was only available for 207 of 
the 214 participants– thus, mean plasma IL-6 for the whole sample 
(1.9964) was inputted in place of the seven missing plasma IL-6 values 
so that plasma IL-6 could be included as a covariate in the independent 
samples t-test comparing neural response between cases and controls. 
Finally, given that BMI data was only available for 198 of the 207 par-
ticipants with plasma IL-6 data, the mean BMI for the whole sample with 
plasma IL-6 data (25.87) was inputted in place of the nine missing BMI 
values so that BMI could be included as a covariate in multiple regres-
sion analysis examining plasma IL-6. The following covariates were 
included in second-level analyses for all contrasts: 

Cases versus controls (N = 214): Age, BMI, plasma IL-6 
Plasma IL-6 (total sample, N = 207): ART outliers, Faces post-scan 

correct performance, BMI, diagnosis 
Plasma IL-6 (SZ group, N = 49): Faces post-scan correct performance 
For second-level analyses, statistical significance was set at an initial 

threshold of p < 0.001, uncorrected at the whole brain level, and clusters 
were considered statistically significant at the level of p < 0.05, family- 
wise error (FWE) corrected for multiple comparisons across the whole 
brain at the cluster level. Probable anatomical locations for cluster peaks 
were identified using the SPM Anatomy Toolbox Version 2.2b (Eickhoff 
et al., 2005; Eickhoff et al., 2006; Eickhoff et al., 2007). Sensitivity 
power analysis conducted in G*Power 3.1.9.7 suggests that a multiple 
regression analysis with a total sample of 207 participants and 6 pre-
dictors would have 80% power to detect medium to large effects 
(Cohen’s f2 = 0.13 or higher) of IL-6 at a p = 0.001 level (i.e., the initial 
statistical threshold used in the fMRI analysis) (Faul et al., 2007; Faul 
et al., 2009; Cohen, 1988). This allows us to detect effects of plasma IL-6 
on neural activation of similar magnitude or smaller than those reported 
previously (Eisenberger et al., 2009). 

Finally, t-values associated with significant effects of plasma IL-6 on 
neural activation were converted to Cohen’s d using the following effect 
size calculator to provide a measure of effect size: https://lbecker.uccs. 
edu/. 

3. Results 

3.1. Demographic information 

Demographic information for patient and healthy participants is 
presented in Table 1. This table presents the gender ratio, as well as the 
mean and standard deviation of age, number of ART outliers, Faces post- 
scan correct performance, BMI, and plasma IL-6 for the total sample, 
patient sample, and healthy control sample. For the patient sample, 
chlorpromazine equivalent score and PANSS scores are also provided. 
For each variable, statistics indicating the relationship between that 
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variable and plasma IL-6 and associated p-values are provided. There 
was a significant association between plasma IL-6 and ART outliers, 
Faces post-scan correct performance, and BMI in the total sample, and a 
significant association between plasma IL-6 and Faces post-scan correct 
performance, PANSS negative total score, PANSS general total score, 
and PANSS total, in the patient sample. Mean Faces post-scan correct 
performance scores (number of correct responses out of 5) were close to 
ceiling as indicated by mean scores above 4 out of 5 in the total sample, 
patient sample, and healthy control sample. 

Overall, the patient group was significantly older than the healthy 
participant (on average 7 years) group and had a higher BMI (on average 
5.01 points higher). As expected, the patient group also had significantly 
higher levels of plasma IL-6 compared to the healthy participants (on 
average 1.9169 pg/ml higher). 

3.2. Neural response during facial emotion recognition in patients 
compared to controls 

No significant differences in neural response were observed between 
patients and controls for any of the contrasts examined. This contrasts 
with previous studies we have conducted using this task, in which 
increased mPFC response was observed in patients compared to controls 
during the faces condition compared to non-faces. 

3.3. Plasma IL-6 and neural response during facial emotion recognition 

In relation to IL-6, there were three sets of analyses carried out in the 
full sample to test for increased activation during processing of: (1) All 
faces versus non-faces, (2) neutral versus angry faces and (3) angry 
versus neutral faces. These contrasts were then re-analysed separately in 
the patient and control samples to identify any group specific findings. 

3.3.1. Plasma IL-6 and neural response during face processing (all faces 
versus non-faces) in the total sample (N = 207) 

Higher plasma IL-6 was not associated with increased neural 
response during processing of faces versus non-faces at p < 0.05, FWE- 
corrected for multiple comparisons across the whole brain at the cluster 
level. 

3.3.2. Plasma IL-6 and neural response during neutral face processing 
compared to angry face processing (total sample, N = 207) 

Higher plasma IL-6 predicted increased neural response during 
neutral face processing compared to angry face processing in several 
cortical areas including the mPFC, precuneus, and left superior parietal 
lobule (p < 0.05 FWE-corrected across the whole brain at the cluster 
level) (Table 2 and Fig. 1). These associations are not the same in pa-
tients and healthy controls when groups are examined separately. 
However, plasma IL-6 predicted increased neural response during 
neutral face processing compared to angry face processing in patients in 
an mPFC cluster overlapping with the cluster observed in the pooled 
sample (see Section 3.3.4 below), indicating that increased neural 
response in this cluster may be driven by effects in the patient group. 

3.3.3. Plasma IL-6 and neural response during angry face processing 
compared to neutral face processing (total sample, N = 207) 

Higher plasma IL-6 predicted increased neural response during angry 
face processing compared to neutral face processing in the left insula (p 
< 0.05 FWE-corrected across the whole brain at the cluster level) 
(Table 2 and Fig. 1). 

3.3.4. Plasma IL-6 and neural response when SZ and healthy control groups 
were examined separately 

When SZ and healthy control groups were examined separately, 
higher plasma IL-6 additionally predicted increased neural response 
during neutral face processing compared to angry face processing in the 

Table 1 
Demographic information.   

Total sample (N = 214) Schizophrenia (N = 53) Healthy controls (N = 161)  

Mean (S.D.a) Relationship with 
plasma IL-6b (p 
value) 

Statistic comparing 
schizophrenia and healthy 
controls (p value) 

Mean (S.D. a) Relationship with 
plasma IL-6b (p 
value) 

Mean (S.D. 
a) 

Relationship with 
plasma IL-6 b (p 
value) 

Age 37.61 
(12.163) 

r = 0.112 (0.108) t = 3.497 (0.001) 42.55 
(11.289) 

r = 0.237 (0.101) 35.98 
(12.032) 

r = -0.112 (0.161) 

Gender (M:F) 135:79 t = 1.485 (0.139) Chi-Square = 1.369 (0.242) 37:16 t = 0.900 (0.373) 98:63 t = 1.136 (0.258) 
ART outliers 6.7336 

(13.81192) 
r = 0.224 (0.001) t = 1.851 (0.070) 11.6226 

(25.33258) 
r = 0.220 (0.130) 5.1242 

(5.90525) 
r = -0.011 (0.889) 

Faces post-scan correct 
performance 

4.2523 
(1.03546) 

r = -0.140 (0.045) t = 1.128 (0.260) 4.1132 
(1.13782) 

r = -0.289 (0.044) 4.2981 
(0.99903) 

r = 0.046 (0.568) 

BMIc 25.97 
(4.702) 

r = 0.179 (0.012) t = 7.483 (<0.001) 29.71 
(4.795) 

r = 0.138 (0.351) 24.70 
(3.942) 

r = 0.032 (0.698) 

Plasma IL-6b in pg/mld 1.9964 
(3.44161) 

r = 1 t = 2.122 (0.039) 3.4596 
(6.25757) 

r = 1 1.5427 
(1.64147) 

r = 1 

Chlorpromazine 
equivalent score in 
mg/daye 

– – – 1023.22 
(2194.449) 

r = 0.005 (0.977) – – 

PANSS positive total 
scoref 

– – – 8.75 (2.331) r = 0.184 (0.216) – – 

PANSS negative total 
scoref 

– – – 9.71 (3.823) r = 0.297 (0.043) – – 

PANSS general total 
scoref 

– – – 20.47 
(4.076) 

r = 0.291 (0.047) – – 

PANSS totalf – – – 38.79 
(8.185) 

r = 0.329 (0.023) – –  

a S.D. = standard deviation. 
b IL-6 = interleukin 6. 
c BMI = body mass index; BMI available for 52 of 53 participants in the schizophrenia group and 153 of 161 healthy controls. 
d Plasma IL-6 available for 49 of 53 participants in the schizophrenia group and 158 of 161 healthy controls. 
e Total chlorpromazine equivalent score available for 46 of 53 participants in the schizophrenia group. 
f PANSS = Positive and Negative Syndrome Scale Score; PANSS positive, negative and general scores available for 51 of 53 participants in the schizophrenia group; 

PANSS total score available for 52 of 53 participants in the schizophrenia group. 
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bilateral ACC in the SZ group (p < 0.05 FWE-corrected across the whole 
brain at the cluster level) (Table 2 and Fig. 1). This cluster overlaps with 
a cluster observed in the pooled sample during the same contrast (see 
Section 3.3.2). No other significant relationships were observed, and 
none of the other associations reported at the pooled level were found at 
the group level. 

4. Discussion 

4.1. Summary of main findings 

The primary objective of this study was to test the hypothesis that 
higher plasma IL-6 predicts increased neural response during face pro-
cessing in a pooled sample of both healthy participants and patients with 
schizophrenia. Firstly, plasma IL-6 levels were significantly higher in 
patients compared to controls. During the ‘neutral’ face processing 
condition, higher plasma IL-6 predicted increased neural response in 

several cortical areas including the mPFC, precuneus and left lateral 
parietal cortex in the total sample. During the ‘angry’ face processing 
condition, higher plasma IL-6 predicted increased insula response 
compared to neutral face processing in the total sample. The secondary 
objective of this study was to assess the role of higher IL-6 and altered 
neural response in patients and controls separately. In patients, and 
during ‘neutral’ face processing, higher plasma IL-6 levels also predicted 
increased neural response in an overlapping region of the mPFC, but 
none of the other effects seen in the total pooled sample were seen in 
patient or healthy control subgroups. 

To our knowledge, this is the first study that investigated associations 
between plasma IL-6 and neural response during a dynamic facial 
emotion recognition task. Dynamic videos of faces may be more 
ecologically valid, and have been associated with increased neural 
response, compared to static faces (Sato et al., 2004). To our knowledge 
this is the first study to examine these associations in individuals with 
schizophrenia, for whom illness risk has been associated with higher IL- 

Table 2 
Higher plasma IL-6 predicted increased neural response during face processing.  

Sample Contrast Cluster Cluster size t-value Cohen’s d Z-value x y z Cluster peak 

Total sample Neutral versus angry 1 2475  5.67  0.80  5.46 26 18 24 Not found in any probability map      
5.64  0.80  5.43 0 60 12 Superior Medial Gyrus      
5.33  0.75  5.14 − 12 40 0 Not found in any probability map   

2 2862  5.34  0.75  5.15 − 18 − 50 46 Not found in any probability map      
4.88  0.69  4.74 8 − 56 40 Precuneus      
4.58  0.65  4.46 − 14 − 62 46 Superior Parietal Lobule   

3 430  4.73  0.67  4.60 40 − 60 42 Angular Gyrus      
4.00  0.57  3.92 38 − 54 28 Not found in any probability map      
3.33  0.47  3.28 44 − 46 26 Angular Gyrus  

Total sample Angry versus neutral 1 588  4.40  0.62  4.29 − 32 − 2 14 Insula Lobe      
4.06  0.57  3.98 − 32 4 8 Insula Lobe      
3.92  0.55  3.84 − 44 4 16 Rolandic Operculum  

Schizophrenia group Neutral versus angry 1 1424  6.86  2.02  5.67 4 18 26 Anterior Cingulate Cortex      
6.35  1.87  5.36 − 6 24 16 Not found in any probability map      
5.14  1.52  4.54 − 4 50 10 Anterior Cingulate Cortex  

Fig. 1. Higher plasma interleukin 6 (IL-6) predicted increased neural response during face processing. Green = increased neural response during neutral face 
processing compared to angry face processing in the total sample; red = increased neural response during angry face processing compared to neutral face processing 
in the total sample; blue = increased neural response during neutral face processing compared to angry face processing in the schizophrenia group; p < 0.05, family- 
wise error-corrected for multiple comparisons across the whole brain at the cluster level; clusters were rendered on the ‘ch256′ brain template using MRIcroGL 
version 1.2.20200331 (https://www.mccauslandcenter.sc.edu/mricrogl/). Additional editing of the Figure (e.g., changing the size/resolution) performed using MS 
Paint and Paint.NET v4.2.16. Minus coordinates indicate sagittal slices in the left-hemisphere. (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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6 levels. Our results suggest that, across the entire sample, when pro-
cessing dynamic facial displays of emotion, higher IL-6 plasma levels 
correspond to greater activation. This is observed in multiple regions 
typically associated with the DMN (mPFC, precuneus and lateral parietal 
cortex) when processing neutral facial expressions that are potentially 
more ambiguous in terms of emotional expression and observed in the 
insula when facial expressions of anger are being processed. 

4.2. IL-6 and social cognition 

4.2.1. Higher IL-6 is associated with increased activation of regions 
encompassing the DMN while viewing neutral faces 

Associations between increased IL-6 plasma levels and increased 
activation within regions of the DMN during emotional processing of 
neutral faces is consistent with recent research by us and others (Bradley 
et al., 2019; Eisenberger, 2012). For example, Aruldass and colleagues 
(Aruldass et al., 2021) reported a relationship between higher plasma IL- 
6 and reduced functional connectivity within the DMN and the insula, in 
72 individuals with major depressive disorder. 

We have recently reported (in the same sample as reported on here 
(N = 311) (King et al., in press), that higher plasma IL-6 was associated 
with decreased resting state DMN connectivity (i.e., precuneus – left 
lateral parietal (LLP) cortex). We further found that higher IL-6 and 
decreased resting DMN connectivity together sequentially mediated the 
relationship between measures of early life stress and lower emotion 
recognition performance on a behavioural task. In the present study, 
during processing of emotionally neutral stimuli, variation in IL-6 was 
again associated with activation changes in the same regions implicated 
in our DMN connectivity study. We have previously speculated that 
increased neural activation during neutral faces might indicate 
misperception of social threat from neutral faces (Mothersill et al., 
2014). Whether because of this, or because emotionally neutral faces are 
just harder to interpret, and hence require representation by a wider 
network of activity, the overlap with regions identified in the resting 
DMN findings is noteworthy, particularly as these regions were not 
selected for a priori as regions of interest. Specifically, it suggests that 
this network may be particularly sensitive to inflammatory immune 
response, at least as measured by IL-6, and in a manner relevant to 
processing of socially relevant stimuli. 

4.2.2. Higher IL-6 is associated with increased activation of the insula while 
viewing angry faces 

Associations between increased IL-6 plasma levels and increased 
activation within the insular cortex during the emotional processing of 
angry faces is consistent with other studies in this area. At a cortical 
level, the insular cortex has consistently been associated with various 
aspects of emotion regulation and social interaction, including anger 
and social threat (Emmerling et al., 2016). Eisenberger and colleagues 
(Eisenberger et al., 2009) examined whether neural response to social 
threat was associated with increases in plasma IL-6 after endotoxin in-
jection in a sample of 20 healthy volunteers using the Cyberball task, in 
which participants are socially excluded from a ball-tossing game. In-
creases in plasma IL-6 were associated with increased activity within 
several regions, including the insula. In a similar fMRI study by Slavich 
and colleagues in 31 healthy participants, increases in plasma IL-6 
during a social stress test were associated with increased insula 
response during the Cyberball task, although only at marginal levels 
(Slavich et al., 2010). Finally, in a study by Muscatell and colleagues, 
endotoxin-induced increases in plasma IL-6 correlated with increased 
neural response across several areas including the insula during an fMRI 
task in which participants received negative evaluative feedback, in 55 
healthy participants (Muscatell et al., 2016). 

In contrast, findings from previous studies on plasma IL-6 and neural 
activation during facial emotion recognition itself are more mixed, with 
three studies reporting no statistically significant associations (Dutcher 
et al., 2021; Harrison et al., 2009; Muscatell et al., 2016). However, 

differences in findings from these studies may reflect their use of static 
facial stimuli. As noted, dynamic videos of facial expressions may be 
more ecologically valid given that temporal cues are an important aspect 
of facial emotion recognition, and previous research by Sato and col-
leagues has shown that neural response is greater for dynamic faces 
compared to static faces (Sato et al., 2004). 

Combining the results of previous studies with the present, larger 
scale, study, one interpretation of these findings is that IL-6 is particu-
larly relevant to processing of socially relevant cues such as social threat, 
when represented as either expressions of social exclusion, negative 
evaluative feedback, or dynamic videos of angry faces. On the other 
hand, IL-6 is not only associated with processing of representations of 
anger and threat by others; two studies in older healthy cohorts report 
evidence that IL-6 was also associated with the subjective experience of 
anger (Puterman et al., 2014; Wrosch et al., 2018). Considering these 
findings, the association between higher IL-6 levels and higher insular 
activation during angry processing observed here may reflect the asso-
ciation between IL and 6 and stress reported more broadly in the 
literature. 

4.3. Limitations & future research 

It was surprising that no significant differences in neural response 
were observed between patients and controls during this task, with 
patients showing comparable neural response to the faces compared to 
controls. We previously reported that patients show increased mPFC 
response compared to controls during face processing compared to non- 
faces (Mothersill et al., 2014). One possible reason for this difference 
could be differences in the demographics and clinical characteristics of 
the patient group. For example, in our previous study, there were 20 
males to 5 females, compared to 37 males to 16 females in the current 
study. Similarly, the mean chlorpromazine equivalent in mg/day in our 
previous study was 377.52 compared to 1023.22 in the current study. 
Another reason may be sample size. Our previous study included 46 
participants (25 patients and 21 controls), while our current study 
included 214 participants (53 patients and 161 controls). As such, the 
smaller sample size in our previous study may have led to an over-
estimation of the true differences in neural response during this task in 
patients compared to controls, which might be smaller in magnitude. 
Additional study of the association between IL-6 and cortical activation 
during face processing and in patients and controls will no doubt clarify 
the extent of patient and control differences, especially in relation to 
both antipsychotic dosage and symptom severity. The high CPZ levels 
and low PANSS scores in this patient sample reflects a clinically stable 
outpatient group and may further explain the non-significant differences 
between groups. Further work is also currently being conducted by our 
lab to investigate patient specific effects in relation to these findings, 
such as antipsychotic dosage, illness duration and symptom severity. 

Given that effects of plasma IL-6 on neural activation were observed 
in an mPFC cluster in the patient group overlapping with a cluster 
observed in the pooled sample, effects of IL-6 on this cluster in the 
pooled sample may be driven by effects in the patient group. And given 
that no significant associations were observed in the healthy control 
group, this suggests the association in this cluster observed in the pooled 
sample may be specific to an illness-related process. However, many of 
the effects of plasma IL-6 on neural activation observed in our pooled 
sample were not observed when patients and healthy controls were 
examined separately. Although our pooled sample was sufficiently 
powered to detect medium to large effects of plasma IL-6 on neural 
activation, patient and healthy control sub-groups were smaller and may 
have been underpowered to detect as wide a range of effects. Thus, 
future studies should examine effects of plasma IL-6 in larger samples of 
patients and healthy controls to better understand group-specific effects 
and whether any associations observed in our pooled sample are specific 
to an illness-related process. 

Finally, peripheral immune responses such as plasma IL-6 levels are 
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thought to affect the brain through a variety of mechanisms including 
signalling from the vagus nerve, cytokine transporters across the blood 
brain barrier, and production of pro-inflammatory cytokines within the 
brain by microglial cells (Dantzer et al., 2008). Although our results 
suggest multiple effects of peripheral IL-6 circulation on cortical 
response to faces, further cellular studies will be needed to examine the 
specific mechanisms by which these immune signals from the body ul-
timately affect cortical response to faces. 

4.4. Conclusions 

In conclusion, the primary objective of this study was to test the 
hypothesis that higher plasma IL-6 would predict increased neural 
response during facial emotion recognition in a sample of SZ and healthy 
participants. Using functional MRI analysis, we found that higher 
plasma IL-6 predicted increased neural response of the mPFC, pre-
cuneus, and lateral parietal cortex during neutral face processing 
compared to angry face processing, and increased insula response dur-
ing angry face processing compared to neutral face processing. These 
findings, observed across patients and healthy participants, suggests that 
inflammatory processes (at least as measured by IL-6) are associated 
with changes in cortical activity during processing of socially relevant 
information, and may at least partly explain the association with social 
cognition. Future research examining the mechanisms underpinning this 
association between peripheral IL-6 and brain activation (such as altered 
microglial function and changes in synaptic plasticity) will be important 
to better understand the cellular basis of these relationships. 
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