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Abstract

Research in adults suggests that higher peripheral inflammation is associated with increased 

threat-related amygdala activity and reduced cortico-amygdala connectivity. However, there is 

limited research in adolescents, which is striking given the major developmental changes that 

occur in cortico-amygdala circuitry during adolescence. In this study, we examine the association 

between peripheral inflammation and amygdala activity and connectivity to emotional faces in 

a community sample of adolescents. Participants included 88 adolescents 12 to 15 years old 

who provided a blood sample and underwent fMRI scanning while completing a face and shape 

matching task that included fearful, angry, and happy faces. Blood samples were assayed for 

interleukin-6 (IL-6), C-reactive protein (CRP), and tumor necrosis factor-α (TNF-α); IL-6 and 

CRP were combined into a composite due to their high correlation and TNF-α was analyzed 

separately. Results indicated that higher TNF-α, but not the composite of IL-6 and CRP, 

was associated with increased amygdala activity to threatening (fearful and angry) faces and 

to happy faces, relative to shape matching. Whole-brain analyses also identified associations 

between TNF-α and neural activity to angry and happy faces in regions outside of the amygdala. 

Psychophysiological interaction analysis indicated that higher TNF-α was associated with reduced 

bilateral amygdala connectivity to the left cuneus, right cuneus/calcarine fissure/precuneus, and 

left supramarginal gyrus/inferior parietal gyrus during angry and fearful faces > shapes and higher 

IL-6/CRP was associated with reduced bilateral amygdala connectivity to the right postcentral 
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gyrus and right precuneus. Results suggest that peripheral inflammation is associated with 

increased amygdala activity to emotional face stimuli and reduced amygdala connectivity with 

occipital and parietal regions. These findings enhance our understanding of the association 

between peripheral inflammation and neural response to emotional faces, which could inform 

the development of interventions targeting inflammation for adolescents.
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1. Introduction

Peripheral inflammatory mediators may cross the blood-brain barrier through several 

routes and influence brain function (Capuron & Miller, 2011). The neuro-immune network 

hypothesis proposes that bi-directional communication between peripheral inflammatory 

mediators and the brain, which becomes amplified under stress, underlies the development 

of a range of health problems (Nusslock & Miller, 2016). This hypothesis proposes that 

there is a bi-directional association between peripheral inflammation and the brain’s cortico-

limbic network involved in threat processing, such that increased neural sensitivity to threat 

predicts increased peripheral inflammation, and increased peripheral inflammation in turn 

predicts increased neural sensitivity to threat. Increased neural sensitivity to threat could 

then increase risk for a range of behavioral and mental health problems associated with 

heightened negative affect and emotion regulation difficulties. The goal of the present 

paper is to test part of this hypothesis by examining cross-sectional associations between 

peripheral inflammatory markers and threat-related cortico-limbic function in adolescents 

with a focus on the amygdala, a key region within the cortico-limbic network.

Prior functional magnetic resonance imaging (fMRI) research conducted in adults has 

provided initial support for the neuro-immune network hypothesis. Specifically, several 

studies conducted in adults have shown that higher peripheral inflammation is associated 

with increased amygdala activity to threat, particularly social threat (Davies et al., 2021; 

Inagaki, Muscatell, Irwin, Cole, & Eisenberger, 2012; Muscatell et al., 2015; Swartz, 

Prather, & Hariri, 2017). For example, stimulation of inflammation through administration 

of endotoxin resulted in increased amygdala activity to fearful facial expressions (Inagaki 

et al., 2012). In another study, higher C-reactive protein (CRP) measured with dried blood 

spots was correlated with higher amygdala activity to fearful and angry facial expressions, 

which was significant for males but not females (Swartz et al., 2017). To our knowledge, 

only one study has examined the association between peripheral inflammation and amygdala 

activity in adolescents (Miller, White, Chen, & Nusslock, 2021), and found that higher 

peripheral inflammation (as measured by a composite of CRP, interleukin-6, interleukin-8, 

interleukin-10, and tumor necrosis factor-α) was associated with increased amygdala 

activity to angry faces. Moreover, this effect was moderated by socioeconomic status (SES) 

with more robust effects in adolescents with lower SES.
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In addition to the association between inflammation and heightened amygdala reactivity, 

inflammation may also be associated with functional connectivity between the amygdala 

and a broader cortico-limbic network involved in threat processing and emotion regulation 

(Labrenz et al., 2016; Mehta et al., 2018; Muscatell et al., 2015). Most of this work on 

associations between inflammation and functional connectivity has examined resting-state 

connectivity, or intrinsic connectivity between brain regions when participants are “at rest,” 

and not performing an explicit task. For example, in a study of adults with depression, 

higher peripheral CRP was associated with decreased resting-state functional connectivity 

between the amygdala and ventromedial prefrontal cortex (Mehta et al., 2018). Further, 

we have found that higher peripheral tumor necrosis factor-α (TNF-α) was associated 

with increased resting-state functional connectivity between the amygdala and striatum, 

but not resting-state amygdala-cortical connectivity in adolescents (Swartz et al., 2021). 

Other research in adolescents has found that higher peripheral inflammation was associated 

with reduced resting-state functional connectivity in an emotion regulation network that 

included cortical regions, but not the amygdala (Nusslock et al., 2019). There is limited 

research examining the association between peripheral inflammation and task-based neural 

connectivity of the amygdala when viewing socially threatening facial expressions through 

psychophysiological interaction (PPI) analysis, which explicitly tests changes in functional 

connectivity during performance of a specific task condition (e.g., viewing threatening facial 

expressions). Moreover, there is a relative absence of research in adolescents, which is 

striking given that major developmental changes in threat-related amygdala activity and 

connectivity occur during adolescence (Gee et al., 2013; Swartz, Williamson, & Hariri, 

2015; Tottenham & Gabard-Durnam, 2017) and that adolescence is a developmental stage 

when problems associated with emotion regulation often emerge (Thapar, Collishaw, Pine, 

& Thapar, 2012).

In this study we aimed to examine the association between peripheral inflammation and 

threat-related amygdala activity in a community sample of adolescents. We hypothesized 

that higher peripheral inflammation would be associated with increased threat-related 

amygdala activity. Our second goal was to examine the association between peripheral 

inflammation and amygdala connectivity during threat processing through the use of PPI 

analysis. We hypothesized that higher peripheral inflammation would be associated with 

reduced amygdala-prefrontal cortex connectivity when viewing socially threatening (i.e., 

angry and fearful) facial expressions. In addition, we explored socioeconomic status and 

gender as moderators of these effects, given prior findings (Miller et al., 2021; Swartz et al., 

2017).

2. Methods and materials

2.1 Participants

Participants were from the Adolescent Health and Brain (AHB) Study, designed to examine 

associations between physical health, brain function, and mental health in adolescents. We 

have previously reported associations between peripheral inflammation and resting-state 

functional connectivity in adolescents from this sample (Swartz et al., 2021), and non-

overlapping analyses using the face task from the study have been published in prior 
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research (Swartz, Carranza, & Knodt, 2019). Please see Swartz et al. (2021) for full details 

regarding recruitment, inclusion, and exclusion criteria for the study. Briefly, adolescents 

12-15 years old were recruited from the community. Exclusion criteria included select 

psychiatric diagnoses based on parent reports, chronic diseases or conditions that could 

affect cerebral blood flow, use of select medications, and any contraindications to MRI 

scanning. All procedures were approved by the University of California, Davis Institutional 

Review Board; parents provided informed consent and adolescents provided informed assent 

before beginning study procedures.

Data for the study were collected between August 2017 and March 2020. Of the 116 

participants enrolled in the study, 7 did not provide a blood sample, 2 provided a blood 

sample that could not be used due to a labeling error, 4 did not attend the MRI scan, and 1 

attended the MRI scan but did not complete the face processing task due to ending the scan 

early. Of the 102 participants who had both a blood sample and MRI scan, 13 were excluded 

due to not meeting the MRI quality control criteria (see quality control section below), 

resulting in a total of 89 participants with usable MRI data. In addition, one participant 

was removed from the current analyses due to reporting use of antibiotics for an infection, 

resulting in a sample of 88 available for analyses.

Participants were 12 to 15 years old (M = 14.07 years, SD = 1.07); 41 were female, 45 were 

male, and 2 identified as non-binary. There were 5 sets of siblings in the sample. Similar 

to our prior paper (Swartz et al., 2021), due to the small number of siblings in the sample, 

we did not statistically adjust for clustering within families. Participants’ race/ethnicity was 

self-reported as follows: 6 Asian, 4 Black or African American, 7 Hispanic/Latino, 2 Native 

Hawaiian or Pacific Islander, 31 White, 35 two or more races, 2 “other”, and 1 did not 

report. Participant characteristics are reported in Table 1 and bivariate correlations in Table 

2.

2.2 Procedure

Full details regarding the procedure are reported in Swartz et al. (2021). Briefly, the study 

was conducted in two visits. During the first visit, participants provided one non-fasting 

blood sample of 6 ml via antecubital venipuncture. Height and weight were measured to 

calculate body mass index (BMI), and the adolescent’s temperature was taken to confirm the 

absence of a fever. Visits generally occurred in the afternoon, but ranged from 8:44 am to 

5:15 pm. Time of day of the blood sample was included as a covariate in analyses. During 

this visit, participants and their parents also completed self-report survey measures. During 

the second visit, participants completed an MRI scan. This visit generally took place within 

a week of the first visit (mean time between visits=3.98 days, SD=5.92; range=0 to 30 days). 

Participants completed three MRI tasks and a resting state scan; only results for the face 

matching task will be reported in this paper.

2.3 Inflammatory markers

Frozen serum samples were shipped to the UCLA Cousins Center for 

Psychoneuroimmunology to be assayed. A panel of six immune markers was assayed, 

including IL-6, IFN-g, IL-10, IL-8, TNF-α (using Multiplex assays by Meso Scale 
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Discovery, Rockville, Maryland), and CRP (using a high-sensitivity ELISA assay by R&D 

Systems, Minneapolis, MN). Mean inter-assay CVs for IL-6, IFN-g, IL-10, IL-8, TNF-α, 

and CRP were 4.0%, 6.1%, 11.3%, 3.6%, 5.6%, and 1.2%, respectively. Mean intra-assay 

CVs were 1.0%, 1.2%, 12.5%, .5%, 4.9%, 1.0%, respectively. Samples were assayed in 

duplicate. Assays were conducted in three lots; we included two dummy-coded covariates 

to control for lot. Values below the lower limit of quantitation were coded as .10. All 

inflammatory marker variables were log-transformed and Z-scored. We used the same 

approach as in our prior study to examine inflammatory markers (Swartz et al., 2021). 

Specifically, we combined IL-6 and CRP into a composite variable due to their high 

correlation (by summing the log-transformed, Z-scored variables) and we examined TNF-α 
separately.

2.4 Face matching task

Participants performed a face matching task (Hariri et al., 2002), in which they viewed three 

faces and were asked to identify which of two faces matched a target face. Faces were 

presented in two blocks each of fearful faces, angry faces, and happy faces. Interleaved 

between face matching blocks were blocks of matching shapes. Face stimuli were taken 

from the NimStim Set of Facial Expressions (Tottenham et al., 2009). For face blocks, 6 

trials were presented per block for 4 s each, with a variable interstimulus interval between 

2 s and 6 s. For shape blocks, 6 trials were presented per block for 4 s each, with an 

interstimulus interval of 2 s. Accuracy and response times for all trials were recorded. 

Further details on the face matching task are provided in Swartz et al. (2019).

2.5 fMRI data acquisition, preprocessing, and quality control criteria

Full details regarding fMRI data acquisition, preprocessing, and quality control criteria are 

provided in the Supplement. Briefly, fMRI data were acquired on a 3T Siemens TIM Trio 

MRI system and a preprocessing pipeline including realignment, segmentation and spatial 

normalization, and smoothing was applied. Quality control criteria included <10% volumes 

censored for motion or signal intensity outliers, ≥ 90% signal coverage within the amygdala 

region of interest, and accuracy ≥75% on the matching task. A total of 8 participants 

were excluded for insufficient signal coverage in the amygdala and 5 were excluded for 

exceeding the motion and signal intensity outlier criterion, resulting in the total exclusion of 

13 participants. Mean accuracy and reaction time for the face matching task are reported in 

Table 1.

2.6 Individual and group-level analyses and amygdala region of interest

Analyses were conducted with SPM12 software. For the individual-level model, boxcar 

regressors were entered for the conditions of angry faces, fearful faces, happy faces, and 

shapes. In addition, the regressors from artifact detection (described in Supplement) were 

included to control for outliers due to head motion. Next, individual contrast images for each 

condition were generated at the first level and then entered into second-level random effects 

models. We modeled the following contrasts: angry and fearful faces > shapes, fearful faces 

> shapes, angry faces > shapes, happy faces > shapes, and angry and fearful faces > happy 

faces.
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In order to examine associations for our region of interest (ROI) analysis with the amygdala, 

we extracted mean contrast values from all voxels in the left and right amygdala anatomical 

ROIs from the Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) 

within the Wake Forest University (WFU) Pickatlas (Maldjian, Laurienti, Burdette, & Kraft, 

2003). Contrast values were extracted and imported into SPSS v27 for further analyses.

2.7 Psychophysiological interaction (PPI) analysis

A PPI analysis was conducted using the generalized PPI (gPPI) toolbox (McLaren, Ries, 

Xu, & Johnson, 2012). For the gPPI, four psychological conditions were modeled (angry 

faces, fearful faces, happy faces, and shapes). The physiological regressor consisted of 

the amygdala time course, extracted from the bilateral amygdala ROI, created using the 

union of the left and right amygdala ROIs from the AAL atlas. The psychophysiological 

regressor consists of the interaction between psychological condition and the physiological 

regressor. Four psychophysiological regressors were modeled (amygdala time course x 

fearful faces, amygdala time course x angry faces, amygdala time course x happy faces, and 

amygdala time course x shapes). The main contrast of interest we examined for the gPPI was 

amygdala connectivity for angry and fearful faces > shapes. Because we hypothesized that 

inflammation would be associated with reduced amygdala-prefrontal cortex connectivity and 

prior research indicated altered amygdala connectivity with the ventral prefrontal cortex 

(Mehta et al., 2018), we created a ventral prefrontal cortex ROI (size: 4153 voxels), 

composed of the union of the following AAL regions: left and right superior frontal gyrus, 

orbital; middle frontal gyrus, orbital; inferior frontal gyrus, orbital; and superior frontal 

gyrus, medial orbital.

2.8 Self-report: Socioeconomic status

We used the MacArthur Scale of Subjective Social Status to operationalize SES in this paper 

(Adler, Espel, Castellazzo, & Ickovics, 2000; Singh-Manoux, Adler, & Marmot, 2003). For 

this question, adolescent participants were shown a figure of a ladder with rungs labeled 

from 1 to 10 with the statement: “Think of this ladder as representing where people stand 

in the United States. At the top of the ladder are the people who are the best off - those 

who have the most money, the most education and the most respected jobs. At the bottom 

are the people who are the worst off - who have the least money, least education, and 

the least respected jobs or no job. The higher up you are on this ladder, the closer you 

are to the people at the very top; the lower you are, the closer you are to the people at 

the very bottom.” They were then asked, “Where would you place yourself on this ladder 

compared to other people in the United States?” with response options ranging from 1 

(bottom of the ladder) to 10 (top of the ladder). We used this subjective SES measure 

because research suggests that subjective SES can be a better predictor of health outcomes 

than more objective measures such as income (Adler et al., 2000; Singh-Manoux et al., 

2003), and this measure can be assessed directly from adolescents themselves, who are not 

likely to be aware of their parents’ objective income levels. One participant was missing data 

because they skipped this item. Parents were also asked to report on their subjective SES 

using the same question. Parents’ and adolescents’ subjective SES reports were significantly 

correlated, r(83)=.43, p>.001. Because some parts of the subjective SES question (e.g., 

respected jobs) would be more relevant for parents than for adolescents, we also re-ran 
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moderator analyses conducted in SPSS using the parent-reported subjective SES measure as 

a supplementary analysis. Two parents were missing data because they skipped this item.

2.9 Covariates

We included the following covariates in all analyses: gender (two dummy-coded covariates 

for male and non-binary groups, with female as the reference group); age; BMI (log-

transformed); time of day for the blood draw; number of days between blood draw 

and MRI scan; lot for assays (dummy-coded); and medication use (0=no medications 

reported; 1=medications). The following medications were coded as 1 for this variable: 

antihistamines, oral contraceptives, nonsteroidal anti-inflammatory drugs such as ibuprofen, 

and bronchodilators such as albuterol. Twenty participants reported they were taking one or 

more of these medications. One participant was missing medication data due to technical 

difficulties with the Qualtrics questionnaire, so was coded as 0 for this variable.

2.10 3dClustSim Analysis

For analyses involving whole-brain correction or the prefrontal cortex ROI, we implemented 

3dClustSim in AFNI to determine corrected cluster thresholds. We used the same approach 

for all 3dClustSim analyses. First, we saved out residuals when estimating the second-level 

group analysis. We then used 3D to 4D file conversion in SPM to create one 4D residual 

file containing the residuals for all participants. This residual file was then entered into 

AFNI’s 3DFWHMx using AFNI version 20.3.02 to estimate the smoothness in the residuals 

of the data with the ‘acf’ option. Cluster size threshold was determined using 2-sided 

thresholding with the first-nearest neighbor clustering (NN1) option. For all analyses, we 

used an uncorrected voxelwise p-threshold of p<0.002 and cluster thresholds for each 

analysis required to achieve a whole-brain corrected threshold of p<0.05 are reported in 

Table 3.

2.11 Statistical analyses

Our first goal was to examine associations between the peripheral inflammatory markers and 

amygdala activity to threatening faces during the face matching task. We first examined the 

main effect of task for each facial expression, to ensure that the task elicited significant 

amygdala activity as expected. Next, as described above, we used an anatomical ROI 

approach to extract amygdala activity for each face condition (angry and fearful > 

shapes, angry > shapes, fearful > shapes, happy > shapes, angry and fearful faces > 

happy faces), and import these into SPSS for analyses. The main contrast of interest for 

primary hypothesis testing was angry and fearful faces > shapes. To reduce the number of 

comparisons performed, we averaged left and right amygdala activity for each condition, 

resulting in a single measure of bilateral threat-related amygdala activity (angry and fearful 

faces > shapes) for the primary analyses. We conducted multiple regression analyses to 

examine associations between the IL-6/CRP composite and amygdala activity and between 

TNF-α and amygdala activity. All covariates described above were included in these 

regressions. In order to control for two comparisons (one regression for IL-6/CRP composite 

predicting amygdala activity and one regression for TNF-α predicting amygdala activity), 

we adopted a Bonferroni-corrected threshold of p<.025 for these analyses. As a sensitivity 

analysis to test whether effects were specific to any type of emotional face expression, 
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we also conducted supplementary analyses examining regressions with bilateral amygdala 

activity for each condition separately (fearful faces>shapes, angry faces>shapes, and happy 

faces>shapes) and for the contrast of angry and fearful faces > happy faces. We did not 

correct for multiple comparisons for these supplementary sensitivity analyses.

As an exploratory analysis, we conducted whole-brain regressions to examine areas outside 

of the amygdala ROI in which activity was significantly associated with the inflammatory 

markers. To do so, we conducted separate regressions to regress each marker (TNF-α or 

IL-6/CRP composite) onto whole-brain activity, including all covariates described above. 

We conducted this exploratory whole-brain analysis for the following contrasts: angry and 

fearful faces > shapes, angry faces > shapes, fearful faces > shapes, happy faces > shapes, 

and angry and fearful faces > happy faces. We used 3dClustSim in AFNI, as described 

above, to determine corrected thresholds, which are reported in Table 3.

Our second goal was to examine the association between the inflammatory markers and 

threat-related amygdala connectivity using gPPI. We first examined the main effect of the 

PPI to test whether there was significant amygdala connectivity with the ventral prefrontal 

cortex for the contrast of angry and fearful faces > shapes, without including any covariates. 

We used 3dClustSim in AFNI to calculate the cluster size threshold needed to achieve a 

corrected statistical significance of p<.05 within the ventral prefrontal cortex ROI. Based 

on 3dClustSim, with an uncorrected voxelwise threshold of p<.002, a cluster size of 32 

voxels was needed to obtain a corrected threshold of p<.05 within the ventral prefrontal 

cortex ROI. To test our hypothesis that the inflammatory markers would be associated with 

amygdala connectivity, we conducted separate multiple regressions in SPM12, regressing 

the inflammatory marker variable (IL-6/CRP composite or TNF-α), as well as all covariates 

described above, onto the gPPI for angry and fearful faces > shapes. We tested for 

associations between inflammation and amygdala-prefrontal cortex connectivity using the 

prefrontal cortex ROI described above and used 3dClustSim in AFNI to calculate cluster-

size thresholds needed to achieve a corrected threshold within this ROI. Because we tested 

two inflammatory marker variables, we set the corrected threshold at p<0.025. 3dClustSim 

determined that with a voxelwise p-threshold of p<0.002 uncorrected, a cluster size of 33 

voxels and 31 voxels was required to achieve a corrected threshold of p<0.025 within the 

prefrontal cortex ROI for the IL-6/CRP composite and for TNF-α, respectively.

As an exploratory analysis, we examined PPI effects for amygdala connectivity with the 

whole brain. As described above, we used 3dClustSim in AFNI to calculate cluster-size 

thresholds to achieve a whole-brain correction of p<0.05. Cluster extent thresholds are 

reported in Table 3. We did not correct for multiple comparisons for these exploratory 

whole-brain analyses. We examined whole-brain PPI effects for all contrasts.

We also planned to conduct exploratory analyses to examine whether effects were moderated 

by SES or gender. To test whether the association between inflammatory markers and 

amygdala activity was moderated by subjective SES, we added a regressor for SES and 

an interaction term for SES x inflammatory marker into the two main regression analyses 

(IL-6/CRP composite predicting threat-related amygdala activity and TNF-α predicting 

threat-related amygdala activity) using the PROCESS macro for SPSS (processmacro.org). 
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We used a similar approach to examine gender as a moderator, looking at the dummy-coded 

variable of male vs. female as a moderator using the PROCESS macro for SPSS. We did 

not examine moderating effects for participants who identified as non-binary, given the 

small sample size of that group. For the PPI analyses, we created whole-brain multiple 

regressions in SPM 12 for the gPPI of angry and fearful faces > shapes, as described above. 

For moderation by subjective SES, we included regressors for SES and the interaction of 

SES x inflammatory marker in the regression. For the moderation by gender, we included 

the interaction of gender (male vs. female) x inflammatory marker in the regression. Similar 

to the methods described above for whole-brain gPPI, 3dClustSim was used to determine 

cluster sizes needed to achieve a whole-brain correction of p<.05, using an uncorrected 

voxelwise threshold of p<.002. Cluster size thresholds for these whole-brain multiple 

regression analyses are reported in Table 3. For all interaction analyses, continuous variables 

were mean-centered before calculating interaction terms. Because these moderator analyses 

were exploratory, we did not correct for multiple comparisons.

3. Results

3.1 Amygdala activity to faces

As expected, there was significant amygdala activity to all the face conditions vs. shapes. 

For angry and fearful faces > shapes, there was significant left, t(87)=11.47, p fwe-

corr<0.001, k=136, [peak x,y,z]=[−20,−6,−18], and right amygdala activity, t(87)=11.46, p 
fwe-corr<0.001, k=202, [22, −6, −14]. For fearful faces > shapes, there was significant left, 

t(87)=8.54, p fwe-corr<0.001, k=117, [−20,−6,−18], and right amygdala activity, t(87)=9.80, 

p fwe-corr<0.001, k=188, [22, −6, −14]. For angry faces > shapes, there was significant 

left, t(87)=9.81, p fwe-corr<0.001, k=133, [−20, −6, −18], and right amygdala activity, 

t(87)=9.84, p fwe-corr<0.001, k=196, [22, −4, −18]. For happy faces > shapes, there was 

significant left, t(87)=7.97, p fwe-corr<0.001, k=97, [−20, −8, −16], and right amygdala 

activity, t(87)=9.49, p fwe-corr<0.001, k=19, [24, −8, −14]. There was also significant 

activity for the contrast of angry and fearful faces > happy faces for the left amygdala, 

t(87)=3.27, p fwe-corr=.023, k=15, [−28, 0, −22], and right amygdala, t(87)=3.53, p fwe-

corr=.013, k=12, [30, −4, −20].

3.2 Associations between peripheral inflammatory markers and brain activity

There was a significant positive association between TNF-α and bilateral threat-related 

(angry and fearful faces > shapes) amygdala activity, B=0.07, SE=0.02, standardized 

Beta=0.47, p=0.002, change R2=0.12 (Figure 1). The IL-6/CRP composite was 

not significantly associated with bilateral threat-related amygdala activity (p=0.58). 

Supplementary sensitivity analyses indicated that TNF-α was significantly associated with 

amygdala activity to fearful faces, B=0.06, SE=0.03, standardized Beta=0.33, p=0.027, 

change R2=0.06, amygdala activity to angry faces, B=0.09, SE=0.03, Beta=0.42, p=0.004, 

change R2=0.10, and amygdala activity to happy faces, B=0.10, SE=0.02, Beta=0.61, 

p<0.001, change R2=0.20. The sensitivity analysis for the contrast of angry and fearful faces 

> happy faces was not significant, B=−0.03, SE=0.03, Beta=−0.15, p=.316, indicating that 

the strength of the association between TNF-α and amygdala activity to angry and fearful 

faces was not significantly different from the strength of the association between TNF-α 
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and amygdala activity to happy faces. None of the sensitivity analyses conducted with the 

IL-6/CRP composite were significant.

Results of the exploratory whole-brain activity analyses are reported in Table 4 and Figure 

2. These results indicated that TNF-α was associated with increased left precentral gyrus 

activity to angry and fearful faces > shapes; increased activity in frontal and temporal 

regions to angry faces > shapes; and increased activity in occipital, parietal, frontal, 

subcortical, and temporal regions to happy faces > shapes. In addition, there was a negative 

association between TNF-α and activity in the cerebellum and occipital regions for the 

contrast of angry and fearful faces > happy faces, indicating there was a stronger positive 

association between TNF-α and activity to happy faces in these regions relative to angry and 

fearful faces.

3.3 Associations between peripheral inflammatory markers and amygdala connectivity

We first tested for a main effect of connectivity between the bilateral amygdala and ventral 

prefrontal cortex ROI for the contrast of angry and fearful faces > shapes. This analysis 

identified two clusters in the ventral prefrontal cortex ROI that demonstrated a significant 

negative PPI with the amygdala for this contrast. The first cluster was in the left superior 

frontal gyrus, orbital region, t(87)=4.98, p-uncorrected<0.001, cluster size = 38 voxels, peak 

MNI coordinates = (−24, 38, −14). The second cluster was in the right superior frontal 

gyrus, medial orbital region, t(87)=4.13, p-uncorrected<0.001, cluster size = 121 voxels, 

peak MNI coordinates = (8, 40, −4).

We next tested for associations with the inflammatory markers. There were no significant 

results for the association between TNF-α or IL-6/CRP and threat-related amygdala 

connectivity with the a priori ventral PFC ROI. Results of the exploratory whole-brain 

analyses are provided in Table 5. TNF-α was associated with reduced bilateral amygdala 

connectivity with the left cuneus, right cuneus, calcarine fissure, and precuneus, and left 

supramarginal gyrus and inferior parietal gyrus during angry and fearful faces > shapes 

(Table 5; Figure 3). IL-6/CRP was associated with reduced bilateral amygdala connectivity 

with the right postcentral gyrus and right precuneus during angry and fearful faces > shapes 

(Table 5; Figure 4) and reduced bilateral amygdala connectivity with left middle occipital 

gyrus and bilateral precuneus to angry faces > shapes (Table 5). There were no significant 

associations between the inflammatory marker variables and amygdala connectivity during 

happy faces > shapes.

3.4 Exploratory moderator analyses

We conducted exploratory analyses to examine whether associations between the 

inflammatory markers and amygdala activity were moderated by subjective SES or gender. 

Neither the interaction between TNF-α and subjective SES (p=0.66) nor the interaction 

between IL-6/CRP and subjective SES (p=0.21) were a significant predictor of bilateral 

threat-related amygdala activity. Supplementary analyses with parent-reported subjective 

SES were also not significant. Likewise, neither the interaction between TNF-α and gender 

(p=0.78) nor the interaction between IL-6/CRP and gender (p=0.08) were a significant 

predictor of bilateral threat-related amygdala activity. We also conducted whole-brain 
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exploratory analyses to examine whether associations between the inflammatory markers 

and amygdala connectivity modeled with gPPI were moderated by subjective SES or gender. 

None were significant.

4. Discussion

The aims for this paper were to examine the association between peripheral inflammatory 

markers and threat-related amygdala activity and connectivity in adolescents. Our first 

hypothesis was that higher levels of peripheral inflammatory markers would be associated 

with increased threat-related amygdala activity. This hypothesis was supported for TNF-

α, in that we found a significant positive association between TNF-α and bilateral 

threat-related amygdala activity. An unexpected finding from the supplementary sensitivity 

analyses was that not only was TNF-α associated with increased amygdala activity to 

threatening (angry and fearful) faces, but it was also associated with increased amygdala 

activity to happy faces. We did not find a significant association between the IL-6/CRP 

composite and amygdala activity to any of the facial expressions. Our second hypothesis 

was that higher levels of peripheral inflammatory markers would be associated with 

reduced threat-related connectivity between the amygdala and ventral prefrontal cortex. This 

hypothesis was not supported. However, the exploratory whole-brain analysis identified 

several regions outside of the ventral prefrontal cortex in which increased peripheral 

inflammation was associated with reduced amygdala connectivity when viewing threatening 

faces. Below, we discuss these findings in more detail.

Our finding that higher levels of peripheral TNF-α were associated with increased amygdala 

activity to threatening faces is generally consistent with prior research finding associations 

between increased peripheral inflammation and increased amygdala activity to social threat. 

However, differences across methodology make it difficult to directly compare the results to 

prior research. For example, one study conducted in adults used an endotoxin inflammatory 

challenge to examine the association between inflammation and amygdala activity (Inagaki 

et al., 2012), but specific inflammatory markers were not examined in this study. Another 

study conducted in adults found that CRP was associated with increased amygdala activity 

to threatening faces (Swartz et al., 2017), but TNF-α was not examined in that study 

and so it is unclear if similar effects would have been observed for TNF-α. In a study 

conducted in adolescents, higher peripheral inflammatory markers were associated with 

increased amygdala activity to threatening faces (Miller et al., 2021), but this study 

used an inflammatory marker composite that included TNF-α along with several other 

markers, and so it is unclear if this effect would be significant for TNF-α alone. Overall, 

studies are generally consistent in finding that higher peripheral inflammation is associated 

with increased threat-related amygdala activity, but more research is needed to examine 

whether effects are specific to certain inflammatory markers such as TNF-α. Research in 

animal models indicates that increased expression of TNF-α in the basolateral amygdala 

is associated with increased excitatory signaling and decreased inhibitory signaling (Chen 

et al., 2013), which could help explain the association between TNF-α and heightened 

amygdala activity.
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An unexpected finding from this study was that higher TNF-α was associated with increased 

amygdala activity to happy facial expressions. This suggests that peripheral inflammation 

may increase amygdala sensitivity not just to threat, but to other types of salient, social 

stimuli such as positive facial expressions during adolescence. This is somewhat consistent 

with prior research in adults that has found that an inflammatory challenge with endotoxin 

increases neural sensitivity to both negative and positive social feedback (Muscatell et 

al., 2016). However, this is not consistent with prior research in adults that showed that 

an inflammatory challenge increased amygdala activity to social threat (fearful facial 

expressions) but not to non-threatening social images (happy facial expressions) (Inagaki 

et al., 2012) or with a study conducted in older adults from the Midlife in the United States 

study that found that higher peripheral inflammation was associated with reduced limbic 

activity when viewing positive images (Alvarez, Hackman, Miller, & Muscatell, 2020). 

Further research is needed to clarify how associations between peripheral inflammation 

and amygdala activity differ based on inflammatory marker, type of social stimuli, and 

developmental stage. If results of the current study are confirmed in future research with 

adolescents, this suggests that TNF-α may increase sensitivity to both negative and positive 

social stimuli in adolescents, and so its effect on later health-related outcomes may depend 

on the individual’s social context, with more negative health effects predicted in more 

stressful and negative social contexts. Contrary to the findings of Miller et al. (2021), we 

did not find that SES moderated the association between the inflammatory markers and 

amygdala activity. This could be due to the fact that we did not specifically target a low SES 

sample for recruitment, and likely did not have sufficient variation in this variable to observe 

strong moderating effects.

The exploratory whole-brain analyses identified additional regions in which activity was 

associated with TNF-α. Specifically, TNF-α was associated with increased activity in 

the left precentral gyrus to angry and fearful faces > shapes, increased activity to angry 

faces > shapes in frontal regions and temporal regions, and increased activity to happy 

faces > shapes in occipital, parietal, frontal, subcortical, and temporal regions. A negative 

association between TNF-α and the contrast of angry and fearful faces > happy faces 

indicated a stronger positive association between TNF-α and activity in occipital regions and 

the cerebellum to happy faces relative to angry and fearful faces. Although these results are 

exploratory and caution should be taken in interpreting whole-brain effects until confirmed 

in future analyses, there are a few interesting patterns to note. First, TNF-α was associated 

with increased activity to emotional faces across regions which, in other studies, have 

been involved in visual and face processing, sensorimotor processing, emotional processing, 

mentalizing, language processing, and executive functions such as attention regulation and 

working memory (Del Casale et al., 2017; du Boisgueheneuc et al., 2006; Eraldo et al., 

1997; Fusar-Poli et al., 2009; Haber, 2016; Mukerji, Lincoln, Dodell-Feder, & Nelson, 

2019; Rotshtein, Vuilleumier, Winston, Driver, & Dolan, 2007). Speculatively, this suggests 

TNF-α is associated with increased neural activity involved in a range of processes in 

response to emotional faces. Second, activity effects were detected for happy faces and for 

angry faces, whereas no whole-brain effects were identified for fearful faces. Some effects 

(especially in visual processing regions such as the occipital cortex) were significantly 

stronger for happy faces relative to angry and fearful faces. It is unclear what is driving 
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the differences in effects for these different emotional face conditions. Differences could be 

driven by developmental differences in sensitivity to different emotional face expressions 

(Rutter et al., 2019), differences in emotion recognition accuracy for different emotional 

face expressions (Calvo & Beltran, 2013), differences in the approach-avoidance orientation 

of happy and angry faces compared to fearful faces with directed eye gaze (Adams Jr. & 

Kleck, 2003), or other factors. As discussed above, the finding that TNF-α is associated 

with increased neural activity to both positive and negative emotional stimuli suggests that it 

may be associated with increased sensitivity to emotional or salient stimuli in general, such 

that effects for later socio-emotional outcomes would be dependent on an individual’s social 

context. Further research is needed to confirm these whole-brain effects and to determine 

which aspects of the stimuli are driving differences in the effects to different emotional face 

expressions. It is also notable that the IL-6/CRP composite was not significantly associated 

with activity in the whole-brain analyses, and that effects for this marker were more evident 

for connectivity, as we discuss next.

Our second hypothesis that higher peripheral inflammation would be associated with 

reduced amygdala-prefrontal cortex connectivity was not supported. One possible 

explanation for why an association between inflammation and prefrontal cortex-amygdala 

connectivity is observed in adults (Mehta et al., 2018), but not adolescents, is that this 

circuitry undergoes major organizational changes across the period of adolescence, shifting 

from a pattern of positive to negative task-based connectivity (Gee et al., 2013). Thus, while 

this circuitry is going through a period of reorganization and flux, there may be weaker 

associations between peripheral inflammatory markers and prefrontal cortex-amygdala 

connectivity. Given the speculation that amygdala activity during childhood and early 

adolescence drives the development of connections with the prefrontal cortex (Tottenham & 

Gabard-Durnam, 2017), the finding here that TNF-α is associated with increased amygdala 

activity suggests that this could have later effects on the development of amygdala-prefrontal 

cortex connectivity that may become observable during late adolescence or adulthood. 

Further longitudinal research, as well as cross-sectional research that spans the periods of 

childhood through adulthood, is needed to examine these possibilities further.

Results of exploratory analyses did identify several patterns of amygdala connectivity 

with other parts of the brain outside of the ventral prefrontal cortex associated with the 

inflammatory markers. First, we found a significant negative association between TNF-α 
and bilateral amygdala connectivity with visual processing regions including the cuneus, 

calcarine sulcus, and precuneus during angry and fearful faces > shapes. We also found that 

the IL-6/CRP composite was associated with decreased bilateral amygdala connectivity with 

visual processing regions including the precuneus during angry and fearful faces>shapes 

and the left middle occipital gyrus and precuneus during angry faces > shapes. Second, 

we found a negative association between TNF-α and bilateral amygdala connectivity with 

the left supramarginal gyrus/inferior parietal gyrus. Finally, IL-6/CRP was associated with 

reduced bilateral amygdala connectivity with the postcentral gyrus. Interestingly, in our 

previous paper examining resting-state functional connectivity in this sample (Swartz et al., 

2021), we did not observe any significant associations between IL-6/CRP and amygdala 

connectivity. The findings in the current study suggest that associations between IL-6/CRP 

and amygdala connectivity may only be observed during specific cognitive processes, in this 
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case, processing threatening facial expressions. The regions identified in these connectivity 

analyses have previously been shown to be involved in visual processing, attention 

regulation in the context of emotional stimuli, emotion perception, and emotion regulation 

(Ferri, Schmidt, Hajcak, & Canli, 2016; Li et al., 2019; Loeffler et al., 2000; Sander 

et al., 2005; Yoon, Shim, Kim, & Lee, 2015). Speculatively, the decreased connectivity 

between the amygdala and these regions associated with higher TNF-α and IL-6/CRP 

may be associated with difficulties in functions that involve these processes. Because these 

whole-brain effects were not hypothesized, further research is needed to confirm whether 

these effects are replicated, and whether these connectivity patterns predict future socio-

emotional difficulties. If results are replicated, further research using animal models and 

other mechanistic approaches will also be needed to determine the biological mechanisms 

through which peripheral TNF-α and IL-6/CRP have distinct associations with amygdala 

activity and connectivity.

Results should be interpreted with respect to several limitations. First, we were only able to 

examine peripheral markers of inflammation. Although peripheral inflammatory mediators 

have been shown to cross the blood-brain barrier through several routes (Capuron & Miller, 

2011), the correspondence between peripheral and central inflammation in our sample 

of adolescent participants cannot be determined from this study. Second, this study is 

cross-sectional, so we cannot determine the direction of associations between peripheral 

inflammation and brain function. It could be that higher levels of peripheral inflammation 

cause increases in emotion-related amygdala activity and decreased connectivity, or that 

higher emotion-related amygdala activity and decreased connectivity cause higher levels 

of peripheral inflammation. Or it could be that both of these processes operate in a bi-

directional manner, as hypothesized by the neuro-immune network hypothesis (Nusslock 

& Miller, 2016). Further research using inflammatory challenge paradigms and using 

longitudinal measures of inflammation and brain function will be necessary to examine the 

direction of effects underlying the cross-sectional associations observed here. Third, TNF-α 
was significantly associated with amygdala activity to both threatening (angry and fearful) 

and positively-valenced (happy) emotional faces, and there was no significant difference 

between these effects when we examined the contrast of angry and fearful faces > happy 

faces. Therefore, it is unclear which aspects of the stimuli are driving these effects (e.g., 

the social nature of the stimuli, the emotional nature, etc.). Further research is needed that 

manipulates different aspects of the emotional stimuli (e.g., social vs. nonsocial emotional 

stimuli, face morphs that vary in intensity, comparing activity to faces with directed vs. 

averted eye gaze, etc.) to tease apart these effects. Fourth, there was some variation in time 

of day of the blood sample and the number of days between collecting the blood sample and 

the fMRI scan across participants. There may also have been some variation introduced by 

participants who were taking medications. However, we controlled for all of these factors as 

covariates in analyses. Fifth, prior research in other samples suggests the within-subject test-

retest reliability of amygdala activity to emotional faces is poor (Elliott et al., 2020; Plichta 

et al., 2012; Vetter et al., 2017), which could add noise to the estimates of amygdala activity 

and may help to explain the lack of significant effects in our moderator analyses. Sixth, BMI 

was highly correlated with the IL-6/CRP composite in this sample; therefore, controlling 

for BMI may have removed some effects of IL-6/CRP on activity and connectivity that 
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were confounded with BMI. Finally, as discussed above, there were several limitations of 

the SES analysis that may explain why we did not detect a significant moderating effect. 

Moderating effects are likely to be strongest for families below the poverty line (Miller et 

al., 2021), but we did not target low-income families or families living below the poverty 

line for recruitment. Also, the subjective SES measure asked about facets of SES (e.g., 

respected job status) that would not be relevant to adolescents, and so a subjective SES 

measure worded towards asking adolescents about their parents’ occupational/educational 

status would be ideal in future research. Small sample size may have also contributed to the 

lack of significant moderating effects for SES and gender. Indeed, the interaction between 

IL-6/CRP and gender approached significance, suggesting that we may have observed a 

significant interaction with a larger sample size. Future research with larger sample sizes 

will be needed to better examine these potential moderating factors, and other factors that 

may moderate these effects such as pubertal status.

In summary, this study examined associations between peripheral inflammatory markers 

and amygdala activity and connectivity during emotional face matching. Results indicated 

that higher TNF-α is associated with increased amygdala activity to both threatening 

facial expressions as well as happy facial expressions, and increased activity in several 

other regions to angry and happy facial expressions. We also found that higher TNF-α 
and IL-6/CRP were associated with reduced amygdala connectivity with several occipital 

and parietal regions when matching threatening faces vs. shapes, which in prior research 

have been associated with emotion perception, attention regulation, and emotion regulation. 

These results lay the groundwork for translational work that could target inflammation, such 

as mind-body interventions (Bower et al., 2014; Bower & Irwin, 2016; Creswell et al., 2012; 

Morgan, Irwin, Chung, & Wang, 2014). Future translational work in adolescents can help to 

experimentally address whether targeting inflammation influences the function of the neural 

circuitry identified in this study, and whether this has effects on socio-emotional functioning 

during adolescence.
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Figure 1. Association between TNF-α and bilateral amygdala activity to angry and fearful faces 
> shapes.
Scatterplot demonstrates association between TNF-α (log-transformed and Z-scored) and 

amygdala activity to angry and fearful faces > shapes. Image in bottom right of scatterplot 

demonstrates bilateral amygdala region of interest used to extract contrast values.
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Figure 2. Associations between TNF-α and whole-brain activity to emotional face expressions.
Figure demonstrates associations between TNF-α and activity for the contrasts of angry 

faces > shapes (red), happy faces > shapes (blue), and angry and fearful faces > happy faces 

(green). Purple regions demonstrate overlap between activity to the angry faces > shapes and 

happy faces > shapes contrasts, and teal regions demonstrate overlap between activity for the 

happy faces > shapes and angry and fearful faces > happy faces contrasts. Slices are shown 

in sagittal orientation, from X=−56 to X=58, in increments of 6.
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Figure 3. Association between TNF-α and bilateral amygdala connectivity during angry and 
fearful faces > shapes.
Scatterplots demonstrate association between TNF-α (log-transformed and Z-scored) and 

the PPI contrast value extracted from significant clusters. Images in top right of each 

scatterplot demonstrate location of significant cluster identified from whole-brain analysis. 

A) Association between TNF-α and bilateral amygdala connectivity with left cuneus. B) 

Association between TNF-α and bilateral amygdala connectivity with right cuneus/calcarine 

fissure/precuneus. C) Association between TNF-α and bilateral amygdala connectivity with 

left supramarginal gyrus/inferior parietal gyrus.
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Figure 4. Association between IL-6/CRP composite and bilateral amygdala connectivity during 
angry and fearful faces > shapes.
Scatterplots demonstrate association between IL-6/CRP composite (Z-score) and the PPI 

contrast value extracted from significant clusters. Images in top right of each scatterplot 

demonstrate location of significant cluster identified from whole-brain analysis. A) 

Association between IL-6/CRP composite and bilateral amygdala connectivity with right 

postcentral gyrus. B) Association between IL-6/CRP composite and bilateral amygdala 

connectivity with right precuneus.
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Table 1.

Participant characteristics

Mean SD Min Max

Age 14.07 1.07 12.00 15.92

BMI 22.43 5.12 15.5 43.6

Subjective SES 6.06 1.23 4.00 9.00

IL-6 (pg/mL) 0.51 0.46 0.10 3.00

TNF-α (pg/mL) 2.36 .65 .94 4.35

CRP (mg/L) 1.57 3.83 0.10 23.90

Inflammation composite (Z-score) 0 1.80 −2.92 5.04

Task accuracy: All trials, % correct 97.25 3.10 81 100

Task accuracy: Faces, % correct 98.61 2.79 89 100

Task accuracy: Shapes, % correct 95.89 4.46 74 100

Task reaction time: All trials, ms 1295.03 301.34 744.72 2165.61

Task reaction time: Faces, ms 1256.64 307.56 711.97 2145.64

Task reaction time: Shapes, ms 1333.43 311.90 777.48 2218.69

Note: SD=standard deviation; BMI=body mass index; SES=socioeconomic status; IL-6=interleukin-6; TNF-α=tumor necrosis factor-α; CRP=C-
reactive protein; Inflammation composite=sum of log-transformed, Z-scored IL-6 and CRP.
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